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Exchange bias (EB) has attracted intense research interest over the recent 
years due to their important applications, such as magnetic random access memory 
and magnetic sensor, in data storage industry. The thesis presents the study on EB 
effects in several important transition-metal chalcogenide Cr-Te compounds grown by 
molecular beam epitaxy (MBE).  
The zinc-blende (ZB) CrTe/MnTe has been predicted to be a promising 
exchange-biased structure with half-metallic interface. We have grown ZB 
CrTe/MnTe bilayer by MBE. Both hysteresis loop shift (HE) and enhancement of 
coercivity (HC) are observed in CrTe/MnTe bilayer with magnetic field cooling. The 
EB effects are systematically studied as a function of temperature, cooling field and 
antiferromagnet (AFM) thickness. Furthermore, the interfacial coupling strength is 
tuned by inserting a ZnTe spacer layer with various thicknesses. The most prominent 
EB effect with HE>HC is achieved in CrTe/ZnTe/MnTe trilayer with 15 nm MnTe and 
2 nm spacer layer. The EB effects can be understood on the basis of a combination of 
the “pinned interfacial moments” model and the AFM domain state model. 
Given the disadvantage of the low Curie temperature (TC) ~ 100 K of ZB 
CrTe, the growth of a novel rock-salt (RS) CrTe, which is predicted to be a half-
metallic ferromagnet with higher TC, is deposited on RS substrates by MBE. A 20 nm 
single crystalline RS CrTe thin film is achieved on BaF2 substrate with lattice constant 
of 5.35 Å. The temperature dependence of remanent magnetization shows the TC is 
245 K, which is higher than that of ZB CrTe. 
There has been a long-time puzzle in trigonal Cr2Te3 that the magnetic 
moment is negligible in the vacancy layer (Cr deficient layer). It has been proposed 
that there is an AFM component in the vacancy layer but neutron diffraction cannot 
vi 
 
find such AFM peak along c-axis. Hence, single crystalline Cr2Te3 thin film is grown 
by MBE and field-cooled hysteresis loops are studied to probe the AFM component. It 
is found that the hysteresis loop is distinctly shifted in the basal ab-plane of Cr2Te3 
after magnetic field cooling while there is neither shift nor expansion of hysteresis 
loop along the c-axis. This anisotropic behavior suggests an AFM component in the 
ab-plane of Cr2Te3, originating from the antiferromagnetically coupled Cr spins in the 
vacancy layer. In the light of our proposed magnetic structure, the intrinsic EB effects 
and the abnormal magnetic properties in Cr2Te3 can be explained using a two-
dimensional AFM domain model.  
It has been proven by neutron diffraction that the Cr3Te4 has both FM and 
AFM components. Hence, Cr3Te4 thin film is grown by MBE and EB effects are 
examined. Both HE and enhancement of HC are observed along the b-axis, 
demonstrating the possibility of EB coupling between the FM and AFM component in 
the Cr-Te compound with multiple magnetic phases. The AFM component is 
relatively weak and therefore the enhancement of HC is more prominent in Cr3Te4. Our 
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Over the years, both magnetic storage and semiconductor industries have 
made tremendous progress, driven by the continuous urge to make devices more 
compact and faster. While the magnetic devices use the electron’s spin for operation, 
the electronic and optoelectronic devices use the electron’s charge. The emerging 
field of spintronics offers the wonderful prospect of combining these two areas 
together to realize fascinating new functionalities [1-3]. The field of spintronics was 
brought into focus by the discovery of the giant magnetoresistance (GMR) effect in 
1988 by Albert Fert [4] and Peter Grünberg [5]. The GMR effect has totally 
revolutionized the data storage industry leading to a miniaturization of the hard disk 
drives, as well as being awarded the most prestigious Nobel Prize in 2007 for Physics. 
The performance of the GMR spin valve with an exchange-biased structure [6] is 
greatly enhanced as compared to standard GMR multilayer system [7] due to the 
reduction of the saturation field and the function of pining layer.  
Exchange bias (EB) effect was discovered in 1956 [8] and widely used to 
stabilize the magnetization. With the development of the GMR spin valve, a 
tremendous interest [9] in the EB effect is triggered due to its important role in 
pinning the magnetization. Until now, the EB has become the basis for an important 
application in information storage technology, with intensive world-wide research and 
development activities. However, the EB is still not thoroughly understood up to now 
since its discovery, although several models [10-14] have been proposed to 
demonstrate the various phenomena observed in different systems. Therefore, the 
understanding of the EB phenomenon and improving the EB characteristics are very 







background of the EB effect in different systems, followed by the research 
motivation, objectives and an outline of the organization of the thesis.  
 
1.1 Background  
Exchange bias (EB) was first reported in Co/CoO particle system by 
Meiklejohn and Bean [8] in 1956 as an exchange anisotropy. The EB effect has been 
broadly utilized in many applications since its discovery, including permanent 
magnets, magnetic recording media, domain stabilizers in recording heads based on 
anisotropic magnetoresistance and so on. After decades of studies on EB, it has been 
confirmed that this phenomenon originates from the interfacial exchange interaction 
between the ferromagnetic (FM) and antiferromagnetic (AFM) spins/domains [10-
14]. The AFM domains carrying net magnetization, which are coupled to FM spins at 
the interface, exert a strong torque to pin the FM spins and prevent them from 
switching by an external field. This behavior typically exhibits a shift in the hysteresis 
loop along the magnetic field axis (exchange coupling field, HE), as well as an 
increase in the half-width of the loop (coercivity, HC). The EB phenomenon is 
generally present when cooling the AFM-FM coupled system with a magnetic field 
from a temperature (T) above Neel temperature (TN) of the AFM, but below Curie 
temperature (TC) of the FM (TN < T < TC), to a temperature below TN (T < TN). The 
disappearance of loop shift when temperature is above TN confirms that the EB 
phenomenon is due to the presence of AFM materials. Extensive research shows that 
EB can be found in a variety of systems containing FM-AFM interfaces, such as small 
particles [15-18], inhomogeneous materials [19-21], FM film on AFM single crystals 







1.1.1 Exchange bias in particles 
Fine particles were the first type of system where EB was observed. Since its 
discovery in 1956 [27], EB in small particles has been observed in a number of 
materials, mainly ferromagnetic particles covered with their AFM or FM native oxide: 
Co-CoO [27-29], Ni-NiO [30, 31], Fe-FeO [32], FeCo-FeCoO [33], Fe-Fe3O4 [30, 
34]. The particles studied are usually in the nanometer range (10-100 nm) and 
produced by a variety of methods, such as vapor deposition, gas condensation, and 
reduction of the oxalate or mechanical alloying.  
A general trend exhibited by most particles’ systems is an increase of HC, 
which is one of the characteristics of EB. It plays an important role in beating the 
superparamagnetic limit for ferromagnet in nanometer scale. However, due to the 
difficulty of determining the exact FM and AFM thicknesses in small particles, it is 
difficult to compare quantitatively the results between different particles’ systems. 
Moreover, these systems are not ideal for studies of fundamental aspects of EB, 
because the distribution of particle sizes and shapes is always present and it is difficult 
to identify the nature of the interface, stoichiometry, crystallinity, etc. of the AFM 
layers. 
 
1.1.2  Exchange bias in layered structure 
(a) Coated antiferromagnetic single crystals 
In order to better understand the fundamental aspects of EB, several groups 
have studied a more controlled type of system, namely an AFM single crystal 
polished along a specific crystallographic direction, coated with an FM material. This 







types of systems. Although these systems have the potential to clarify some of the 
questions surrounding EB, only three different AFM materials have been studied so 
far, CoO [35], NiO [36] and FeF2 [37, 38]. The two main aspects of EB studied in 
coated single crystals are the role of the interface roughness and the role of the spin 
configuration at the interface (by selecting different crystallographic directions). The 
magnitude of the EB becomes larger as the interface roughness increases for both 
uncompensated CoO and compensated FeF2. However, an unexpected result found in 
these materials is that the HE value, a major characteristic of EB, is insensitive to 
interface spin configuration. Furthermore, the HE obtained in coated single crystal is 
two orders smaller than expected. Another interesting result, hinted in CoO crystals 
and confirmed in FeF2 crystals, is the fact that the FM layer appears to orient itself 
perpendicular to the anisotropy direction of the AFM spins at the interface, for 
compensated and uncompensated AFM surfaces [37, 38].  
 
(b) Thin films 
Exchange-biased structures in thin film form have been the most widely 
studied type of system. From the fundamental point of view, the interface in these 
systems can be quite effectively controlled and characterized. From the application 
point of view, most of the devices based on EB are in thin film form. Moreover, thin 
film materials have provided many interesting topics related to EB, such as AFM 
thickness dependence [39], interface disorder [40] or orientation dependence [41]. 
Among the thin film systems, AFM-FM interfaces are the most commonly 
investigated. The AFM-FM group can be divided in two main categories depending 







Following the work of oxidized FM particles, most of the early work was on 
oxidized transition metal thin films. Like the oxidized nanoparticles, oxidized Co 
films exhibit rather large EB effect. However, it is difficult to quantitatively compare 
these kinds of samples because the sample may tend to oxidize through the 
boundaries inside the thin film and therefore it is almost impossible to characterize the 
oxidized grain boundaries. 
In 1964, the first fully metallic thin film system was reported in 
Fe20Ni80/FexNiyMn1-x-y bilayer [42]. The Fe20Ni80/Mn bilayers were annealed to 
enhance diffusion, thus creating antiferromagnetic FexNiyMn1-x-y compound at the 
interface, with blocking temperature (TB) larger than 300 K. This evolved into a most 
studied metallic AFM compound in EB system (Fe50Mn50) [41, 43]. In the later 
development, the Fe50Mn50 was used in most of the exchange-biased GMR spin 
valves [44]. Another metallic AFM compound NixMnx [45] has also begun to gain 
interest for its TN above room temperature and its superior corrosion resistance as 
compared to Fe50Mn50.  
All the efforts discussed above are made on the AFM materials. In order to 
achieve high GMR ratio for application, the properties of the FM material is important 
as well, such as high TC and high spin-polarized current. The widely used FM material 
in GMR structure is permalloy (NiFe) so far and the GMR ratio is raised up to 20% at 
the room temperature. However, as required by the high density information storage 
of 10 T bit/in2, much higher GMR ratio is urgently needed. One possible way is to 
increase the spin polarization of the current in the FM material which is proportional 
to the GMR ratio. The most attractive candidate of FM material would be the half 







and spin characteristics. In magnetic material, we need to consider the spin of the 
electron for conduction, i.e. spin-up electron and spin-down electron. The term “half-
metallic ferromagnets” was created by de Groot et al. [46] in 1983 in their band 
structure calculations for the Mn-based Heuslers, namely NiMnSb and PtMnSb. Then 
they found that in these materials there is only one kind of electron (either spin-up or 
spin-down) contributing to conduction. Therefore, high spin polarization (as high as 
100%) can be provided by this new class of materials. This extraordinary property of 
HMF offers the prospect of enhanced performances in future spintronics devices as 
compared to the normal FM materials such as Fe, Co, Ni and their alloys, which have 
a maximum spin polarization of ~ 50 % , that are currently being used in the industry. 
As it is expected, the GMR device using the HMFs would have infinitely GMR ratio. 
Over the years, the quest for finding HMF for spintronics applications has led to the 
development of a number of candidate materials such as the Heusler alloys [46-48], 
oxide-based HMFs [50-56], perovskite manganites [57, 58] and zinc-blende (ZB) 
HMFs [59-64]. 
However, the utilization of HMF in EB structure for spintronics application 
has been limited because the spin injection efficiency of HMF would be destroyed by 
the interface or the surface [65-69]. For example, NiMnSb is a well-known HMF in 
the bulk form. However, its surface does not show half-metallicity (HM) [65]. 
Moreover, the HM of NiMnSb will be destroyed by the presence of interface with 
other materials. The same problem also occurs in other HMFs, such as Co2MnGe 
[66], Co2MnSi [67, 68], CrAs [69]. Hence, high spin-polarized current injection has 








1.1.3 Exchange bias in pure materials 
There are certain pure magnetic materials, in particular oxide ferrimagnets in 
nanoparticles form, exhibiting exchange-bias-like properties such as enhancement of 
HC and hysteresis loops shift [70]. We note that the EB effects observed in these pure 
materials have been modeled and many of the experimentally observed features can 
be reproduced [71-73]. Since the EB effect is intrinsic to the pure material itself, this 
phenomenon is called intrinsic EB. Most of the intrinsic EB are observed in pure 
materials with either disordered surface spins (γ-Fe2O3 [74], NiFe2O4 [75] and 
Ru0.25Cr0.75O2 [76]) or inhomogeneous magnetic phases (Pr1/3Ca2/3MnO3 [77], 
L0.5Sr0.5MnO3 [78] and La0.82Sr0.18CoO3 [79]). In the former case of materials with 
disordered surface spins, the disordered spins, introduced by the surface defects or the 
broken exchange bonds of the surface atoms (usually in oxide), freeze at low 
temperature and then it can behave as a “spin-glass like” layer at the surface. This 
spin-glass surface can play the role of AFM component or FM component and 
therefore the coupling between the surface layer and the core of the particle yields the 
EB effects. However, most of these EB effects vanish at rather low temperature, 
around 30~50 K [80-82], as expected from the characteristic of the thin surface layer 
of disordered spins. In the latter case of materials with inhomogeneous magnetic 
phases, these perovskite oxides normally contain multiple magnetic phases including 
FM and AFM phases. The observed EB effects are due to the coupling between the 
FM and AFM phases of the material itself. In addition, most materials showing the 
intrinsic EB are oxide and insulating, which has limited application potential in 







metallic. However, few studies regarding the intrinsic EB in pure metallic FM, 
especially in thin film form, are reported.  
The explanations given above are only an intuitive description and the full 
understanding of the intrinsic EB is far beyond the standard EB models. Moreover, 
the intrinsic EB in these two systems normally has random FM-AFM interface, which 
greatly increases the difficulties in understanding the mechanism of intrinsic EB. It 
will be significant to find intrinsic EB in pure materials with clear identification of 




The transition metal chalcogenide Cr-Te system is a well-known metallic 
system with various phases, such as hexagonal Cr1-δTe (δ=0), Cr5Te6 (δ=0.17), 
monoclinic Cr3Te4 (δ=0.25), trigonal Cr2Te3 (δ=0.33), monoclinc and trigonal Cr5Te8 
(δ=0.375) [83-86]. All these compounds are metallic ferromagnet with Curie 
Temperature (TC) from 170-360 K [87]. The Cr-Te system has attracted renewed 
interests in the recent years because the CrTe in zinc-blende (ZB) phase is predicted 
to be a HMF [64]. At present, HMF is the most desired material for spintronics device 
since it would provide 100% spin polarized current. The ZB phase HMF is prominent 
due to its structural compatibility with important III-V and II-VI semiconductors. 
Other HMFs in ZB phase are CrSb, CsAs and MnAs pnictides [59-63], which have 
been successfully fabricated by molecular beam epitaxy (MBE). The HM in the three 
ZB phase pnictides could only be achieved in the expanded volume and therefore the 







defined as the energy difference between its ground state and the ZB phase. Thus, 
these ZB phase pnictides could only exist in the forms of a few monolayers or 
nanodots, which are too thin to be implemented in practical application. Nevertheless, 
ZB phase CrTe chalcogenide exhibits HM in its equilibrium volume and therefore its 
metastable energy is much lower (~0.36 eV/ f.u.). Hence, the thickness of CrTe thin 
film in ZB phase can be deposited to 5-10 nm by MBE recently [87, 88], which is 
thick enough for application in spintronics device. Furthermore, the ZB-CrTe 
chalcogenide has large HM gap (~0.88 eV). The HM gap is defined as the energy 
difference between the Fermi level and the conduction/valance band of minor spin.   
For the implementation of HMF for practical application, strong attention has 
been focused on the exchange-biased structure in HM systems. Several theoretical 
studies have been conducted to study the HM of HMF in exchange-biased structure 
[65, 89-91]. Unfortunately, as mentioned in the above background section, the HM of 
most HMFs will be destroyed by the presence of interface with other materials, e.g. 
CrAs/GaAs [69]. Recent theoretical studies [90, 91] show that ZB CrTe chalcogenide 
will preserve its HM when in contact with ZB ZnTe and MnTe semiconductors. It is 
noted that ZB MnTe is an antiferromagnet. Hence, the authors suggested that the ZB 
CrTe/MnTe structure would offer a key ingredient as promising EB candidate in 
having interface with 100% spin polarization, as required in high performance 
spintronics application. According to our knowledge, there are no experimental 
studies on the ZB CrTe/MnTe structure so far. Thus it is significant to investigate the 
EB effects in CrTe/MnTe system experimentally.   
The ZB CrTe has one disadvantage that the TC achieved in our experiment 







Some theoretical studies were conducted to explain this discrepancy [92-94]. A 
possible explanation is that, at low value of lattice constant (< 6 Å), the dominant Cr-
Cr exchange interactions in the ZB CrTe chalcogenide can be AFM. At the meantime, 
the authors in Ref. [92-94] suggested that it would be an alternative way to achieve 
HM in CrTe with high TC by depositing CrTe in rock-salt (RS) phase. The dominant 
Cr-Cr exchange interaction in RS CrTe is FM in a wide range of lattice constant and 
the calculated TC is higher than that of the ZB CrTe. Most importantly, the RS CrTe 
also exhibits HM in its equilibrium volume with very small metastable energy (~0.07 
eV/f.u.). We note that the conventional semiconductor substrate, such as MgO, is also 
of RS phase. Hence it is of interests to grow RS phase CrTe on MgO substrate and 
investigate its magnetic properties. 
Some of the CrTe compounds, such as Cr3Te4, Cr2Te3, Cr5Te8, are well-
known for their unusual magnetic and electrical properties, which is believed to be 
due to the coexistence of FM and AFM phase [83, 85, 86, 95, 96]. Unlike the 
perovskite oxides, which consist of inhomogeneous magnetic phases, these binary 
CrTe compounds have clear definition of FM and AFM phases. For example, Cr3Te4 
has a FM component pointing along the a-axis and an AFM component pointing 
along the )( cb 

+ direction [86]. The coexistence of FM and AFM phase in Cr3Te4 
[86, 96] and Cr5Te8 [95] has been proven by neutron diffraction measurement. 
Although it was also proposed that there might exist an AFM phase in Cr2Te3, the 
AFM signal has not yet been detected by neutron diffraction measurement [86]. 
Therefore, the magnetic structure of Cr2Te3 has become a long-time puzzle [97, 98]. 
As stated in Sec 1.1, the intrinsic EB has attracted renewed attention as to gain 







Pr1/3Ca2/3MnO3 [77], L0.5Sr0.5MnO3 [78] and La0.82Sr0.18CoO3 [79]). Hence, it is an 
alternative way to examine the AFM phase and probe the magnetic structure in Cr2Te3 
by studying the intrinsic EB. As a comparison, the intrinsic EB can also be examined 
in Cr3Te4, which has been experimentally confirmed to have both FM and AFM 
phases [86, 96]. 
Molecular beam epitaxy is an important deposition technique in thin film 
deposition. It can provide layered control in atomic scale. Furthermore, the film 
quality can be monitored during the deposition with the help of in-situ reflection high-
energy electron diffraction (RHEED). Therefore, the quality of deposited thin film 
can be guaranteed by MBE growth. Although the Cr-Te system has been studied for 
decades, most of the Cr-Te compounds were fabricated in bulk forms by the mean of 
chemical reaction. Furthermore, high quality thin film is the requirement for practical 
application in spintronics device. In addition, the ZB and RS CrTe are in metastable 
structure and MBE would be a better way to achieve metastable structure by epitaxial 




The objectives of the research work described in this dissertation can be 
listed as follows.  
(i)  To achieve EB in ZB CrTe/MnTe structure by MBE growth and 
systematically study the EB effects, e. g. anisotropy, interfacial coupling and 







(ii)  To obtain RS CrTe thin film by MBE growth toward high TC HMF and 
characterize its magnetic property. 
(iii)  To deposit Cr2Te3 thin film by MBE growth and systematically investigate 
the intrinsic EB effects. 
(iv) To deposit Cr3Te4 thin film by MBE growth and study the intrinsic EB 
effects. 
 
1.4  Organization of thesis  
Chapter 1 provides a brief background of EB as well as its importance in the 
study of spintronics. The motivations and objectives in studying EB in transition-
metal chalcogenide Cr1-δTe system are presented. Chapter 2 deals with literature 
review and can be divided into two parts. The first part introduces the Cr1-δTe 
compounds of different crystalline phases. The second part provides a review on EB, 
which includes the fundamental properties of EB and the main existing models 
proposed to explain EB effects in different systems. Chapter 3 describes the MBE 
growth technique and key characterization tools that were employed. Chapter 4 
presents a systematical study of EB in ZB CrTe/MnTe structure. The anisotropic 
behavior, interfacial coupling and the role of AFM MnTe layer are investigated. 
Chapter 5 presents the growth of RS CrTe by MBE on different semiconductor 
substrates. The structural and magnetic properties are investigated. Chapter 6 presents 
the growth of trigonal Cr2Te3 thin film by MBE. Intrinsic EB is observed in the pure 
Cr2Te3 thin film. A two dimensional domain model is presented to explain the 
intrinsic EB in Cr2Te3. At last, a possible magnetic structure of Cr2Te3 is proposed to 







Cr3Te4 by MBE. The intrinsic EB effects are examined along different 
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This section comprises of two parts. The first part gives an introduction of 
the transition-metal chalcogenide Cr-Te system and includes the metastable zinc-
blende (ZB) phase and rock-salt (RS) phase. The second part deals with the 
fundamental properties of exchange bias (EB) and the main existing models proposed 
to explain EB effects in different systems are presented. 
 
2.1 Transition-metal chalcogenide Cr-Te system 
 
 
Figure 2.1 Cr-Te phase diagram. [2] 
 
The Cr-Te compounds have attracted much attention since the discovery of 
ferromagnetism in Cr-Te by Haraldsen and Neuber [1] in 1935. The Cr1-xTe system 
has been extensively investigated in the range 375.00 << x . The Cr-Te phase 
diagram, as shown in Fig. 2.1, was first established by Ipser et al. in 1983 [2] and later 
modified by Chattopadhyay [3] in 1994. Six NiAs-like phases in CrTe were 







(52.4~53.5% Te) and monoclinic Cr3Te4-h0F① (53.5~59.3% Te), are high temperature 
phases. At lower temperatures are monoclinic Cr3Te4-l1F ②  (56.4~59.2% Te) and 
trigonal Cr2Te3 (59.5~60.0% Te). Two phases, monoclinic m-Cr5Te8 (59.6~61.5% Te) 
and trigonal tri-Cr5Te8 (61.5~ 62% Te), were found on the tellurium-rich side of this 
phase system. It is noteworthy that the stoichiometric hexagonal CrTe does not exist 
and therefore the terminology Cr1-δTe is commonly used. Annealing of a sample with 
equi-atomic composition yielded a mixture of Cr and a hexagonal phase CrTe with a 
random distribution of vacancies in the transition metal layer [4]. The crystal 
structures of the Cr-Te compounds have in common a (distorted) hexagonal closed 
packing of Te atom, with Cr atoms in octahedral interstices, while Cr vacancies occur 
in every second metal layer. All the Cr-Te compounds are metallic and ferromagnetic 
(FM). However, due to the fact that the ferromagnetism in Cr-Te is sensitive to the 
Cr-Cr distance, the Curie temperature (TC) of Cr-Te compounds varies from 170 K to 
360 K, dependent on the composition. The magnetic and electrical properties of Cr1-
δTe, Cr3Te4, Cr2Te3, m-Cr5Te8 and tri-Cr5Te8 were demonstrated by Andresen [4], 
Dijkstra et. al. [5], Lukoschus et. al. [6] and Huang et. al. [7]. Some unusual 
properties have been addressed in these Cr-Te compounds due to the coexistence of 
FM and antiferromagnetic (AFM) phases. There are two more important phases of Cr-
Te compounds: zinc-blende (ZB) phase [8-10] and rock-salt (RS) phase [11, 12]. Both 
the ZB and RS structures are metastable phases for Cr-Te. The metastable energy 
between the metastable phase and the ground NiAs-like phase is small as calculated 
by theoretical studies and therefore could be synthesized by epitaxial growth. The two 
metastable phases has renewed the research interests in Cr-Te system because they are 
                                                 
① h: high temperature 







predicted to be half-metallic ferromagnets (HMFs). The structural and magnetic 
properties of the above-mentioned Cr-Te compounds are presented in the following 
subsections.  
 
2.1.1 Hexagonal Cr1-δTe 
 
Figure 2.2   The NiAs type crystal structure of CrTe. [5] 
 
The basic structure of Cr1-δTe is the hexagonal NiAs structure, which is 
shown in Fig. 2.2. The lattice constants are 997.30 =a  Å and 222.60 =c  Å at room 
temperature [4, 13]. The 00 / ac  ratio of 1.557 is slightly smaller than the ideal value of 
1.633 of hexagonal NiAs structure. The non-stoichiometric phase Cr1-δTe has a partial 
ordering of Cr vacancies in every second metal layer. The Cr1-δTe is a ferromagnet 
with a TC of ~340 K. The experimentally measured saturation magnetization (MS) at 
4.2 K is about 2.4~2.7µB and an effective paramagnetic moments (Meff) of ~4 µB. The 







understood from an ionic model, which predicted a value of 4 µB/Cr. The difference is 
due to band hybridization. There were only few studies performed on Cr1-δTe due to 
its difficulty in fabrication, e.g. annealing at very high temperature (>1200 °C) and 
disordered Cr vacancies.  
 
2.1.2 Monoclinic Cr3Te4 
 
Figure 2.3  Cr atoms and vacancies in the crystal structure of Cr3Te4. [5] 
 
The Cr3Te4 phase has a rather large existence range of Te from 53.5% to 
59%. The best criterion to distinguish the Cr3Te4 phase from Cr1-δTe phase is the 
monoclinic lattice distortion in Cr3Te4. The unit cell of monoclinc Cr3Te4 is about 
four times as large as that of Cr1-δTe: 03aa =  , ,0ab =  02cc =  and the angle 
between a  and b

is 90°, where 0a and 0c are the lattice parameters of the 
corresponding NiAs-type Cr1-δTe. The arrangement of Cr atoms is shown in Fig. 2.3. 
There are Cr vacancies in every second metal layer and they are ordered, unlike the Cr 








Figure 2.4  Temperature dependence of the magnetization of hexagonal Cr1-δTe (curve A) 
and monoclinic Cr3Te4 (curve B). [5] 
 
The Cr3Te4 is also a room temperature ferromagnet with TC ranging from 310 
K to 340 K, depending on the composition. The Meff is about 4.2 µB, while the MS at 
4.2 K is 2.35 µB/Cr. The lower value of MS is due to the occurrence of a canted FM 
structure at low temperature. The canting of magnetization is believed to be 
associated with the antiferromagnetic (AFM) order observed below temperature ~100 
K [5, 14]. This is an alternative way to distinguish the Cr3Te4 phase from Cr1-δTe 
phase by studying the temperature dependence of magnetization. As shown in Fig. 2.4, 
a peak can be observed in Cr3Te4. Further neutron diffraction measurement reveals 
that the moment in the fully occupied Cr layer is 3.36 µB and in the vacancy layer is 3 
µB. It was found by Andresen [4] that the FM component was pointing along the a -
axis whereas the AFM component lay in the bc -plane. However, another group [14] 







the c-axis and the AFM order occurred only in the c-plane. Nevertheless, the 
coexistence of FM and AFM components in Cr3Te4 at low temperature is confirmed 
and the two components are pointing along different crystallographic directions.  
 
2.1.3 Trigonal Cr2Te3  
 
Figure 2.5   Cr atoms and vacancies in the crystal structure of Cr2Te3. [5] 
 
The unit cell of trigonal Cr2Te3 is related to the NiAs-type Cr1-δTe by 
03aa ≈  and 02cc ≈ . The lattice constants of bulk Cr2Te3 are 82.6=a Å and 
80.11=c Å [15]. The ratio of 498.1/ 00 =ac  in Cr2Te3 is smaller than the ideal value 
of 1.633 of hexagonal close-packed structure. The crystal structure of Cr2Te3, with Cr 
vacancies ordered in every second metal layer, is depicted in Fig. 2.5. The TC of 
Cr2Te3 is 170-180 K. The magnetic moments of Cr2Te3 are mainly contributed by Cr 







each Cr atom should have 3 Bµ  moment according to the ionic model. However, 
neutron diffraction measurement reveals that the CrII and CrIII spins in the fully 
occupied layer possess about ~3 Bµ moment pointing along the c-axis while the CrI 
spins in the vacancy layer contribute negligible moment [4, 15, 16]. Andresen 
suggested that the CrI spins were antiferromagnetically coupled and attempted to 
examine the corresponding peaks in neutron diffraction measurement [4]. The 
antiferromagnet (AFM) components were then investigated but only along the easy 
axis (c-axis). However, no corresponding peak related to AFM was found. It is 
noteworthy that the AFM components in the ab-plane were omitted in their analysis 
due to the limit of the profile refinement programme. Although some theoretical 
studies lately suggested that the CrI spins in the vacancy layer are 
antiferromagnetically aligned along the c-axis [17], the experimental evidence of the 
predicted AFM component is still lacking.  
 
2.1.4   Monoclinic and trigonal Cr5Te8 
 
Figure 2.6  Representation of the partially occupied alternate chromium layers in m-Cr5Te8 








According to the results reported by Ipser et al. [2], the homogeneity range 
of m-Cr5Te8 phase depends on the quenching temperature and is observed in the 
composition range 59.6-61.5% of Te. The homogeneity range of tri-Cr5Te8 was 
reported to be about 61.8 to 62.5% of Te. The m-Cr5Te8 is stable at low temperatures, 
whereas tri-Cr5Te8 is obtained by quenching the sample from about 1075 K. However, 
the single crystal structure of both m-Cr5Te8 and tri-Cr5Te8 are not available until 
1996 [18]. The lattice constants for m-Cr5Te8 are a = 13.5751 Å, b = 7.8587 Å, c = 
12.0726 Å, and β = 90.349°, while the lattice parameters for tri-Cr5Te8 are a = b = 
7.8156 Å, c = 11.990 Å. The relation of lattice (atoms and vacancies) in the partially 
occupied Cr layer between the m-Cr5Te8 and tri-Cr5Te8 is displayed in Fig. 2.6. It is 
noted that a two-phase mixture of m-Cr5Te8 and tri-Cr5Te8 has never been found. This 
is because the transition from m-Cr5Te8 to tri-Cr5Te8 is not continuous. It is difficult 
to differentiate the two structure phases in Cr5Te8 by X-ray diffraction (XRD) 
measurement [18]. Beside the way of composition analysis, an alternative way is to 
measure the TC. The magnetic properties of Cr5Te8 as well as the TC are very sensitive 
to the composition [6]. The extrapolated TC obtained from the temperature 
dependence of the magnetization curve is 190 K for m-Cr5Te8 and 245 K for tri-
Cr5Te8. The MS at 5 K is 2.03 CrB /µ  for m-Cr5Te8 and 1.77 CrB /µ  for tri-Cr5Te8 
while the Meff is 3.86 CrB /µ  for m-Cr5Te8 and 3.87 CrB /µ  for tri-Cr5Te8. 
Furthermore, an AFM peak is observed by neutron diffraction measurement in the ab-










2.1.5  Zinc-blende CrTe 
 
Figure 2.7  The band structures of the zinc-blende phase of CrTe at its equilibrium lattice 
constant. [20] 
 
The zinc-blende (ZB) structure is not a stable phase for CrTe. The ground 
state of CrTe is NiAs phase [2]. The synthesis of the metastable ZB phase CrTe was 
triggered by the emerging field of ZB HMFs which is an exciting alternative to 
integrate half-metals with the existing semiconductor technology [19]. The half-
metallicity of ZB CrTe with equilibrium lattice constant (~6.263 Å) was predicted by 
Xie et al. in 2003 [20]. The principal mechanism leading to the appearance of the 
half-metallicity in ZB phase transition metals (TM) is the hybridization of the d wave 
functions of the TM with the p wave functions of the sp atom. The strong 
hybridization is brought about by the tetrahedral environment of the ZB structure, 
where each atom of one species is surrounded by four atoms of the other. The group 
of ZB HMFs consists of materials which are stable in other structures, but they were 
predicted to exhibit half-metallicity when synthesized as metastable ZB structures. 
Hence, all the ZB HMFs were fabricated by non-equilibrium technique, such as low 
temperature MBE technique. The first ZB HMF is pnictide CrAs, which was 







report of pnictide CrSb of one monolayer in 2001 [24-27] and pnictide MnAs in the 
form of nano-dots in 2002 [28, 29]. However, the obtained metastable ZB phase 
pnictides are too thin, which is due to the large metastable energy ~1 eV per formula 
unit (f.u.), for further investigation, such as magnetic properties and magnetotransport 
studies. The focus in the search of ZB HMFs with small metastable energy is then 
turned to ZB phase of Cr-based chalcogenides [30-34]. Theoretical studies have 
shown that the metastable energy of ZB CrTe is as low as 0.36 eV/f.u. and it has 
robust half-metallicity. Experimentally, the ZB CrTe thin film has been grown on 
GaAs(100) substrate via a ZnTe buffer layer by Screenivasam et al. [9] and Bi et 
al.[10] in 2008. The ZB CrTe structure has been proven by high-resolution 
transmission electron microscopy (HRTEM) and the obtained lattice constant is 6.21 
Å. The thickness of the sample grown is 5-10 nm, which should be sufficiently thick 
enough for further investigation and spintronics application. However, the TC of the 
ZB CrTe is only 100 K and the MS at 5 K is 0.28 CrB /µ . The value of TC is much 
smaller as compared to the ZB pnictides (TC of CrAs > 400K; TC of CrSb > 400K) 
because in the range of small lattice constant, the nearest-neighboring or next-nearest-
neighboring Cr-Cr exchange interactions in the chalcogenides can be 
antiferromagnetic, while for the pnictides they are always ferromagnetic. Nevertheless, 
ZB CrTe is still attractive not only because the film can be grown thick enough for 
application, but also it has been predicted to have large half-metallic (HM) gap of 
0.88 eV/f.u. [35]. Furthermore, the ZB CrTe in equilibrium volume is already HM, 
while the ZB phase pnictides only show half metallicity at the expanded volumes. The 
latter case will result in structural instability. In addition, the obtained ZB CrTe shows 







investigation of its magnetic and electrical properties. Hence, several theoretical 
studies have been performed to explore the half-metallicity (HM) in ZB CrTe in 
layered structure [33, 36]. These studies were motivated by the fact that the HM of 
most HMFs would be destroyed by the presence of interface with other materials, 
which would suppress the implementation of HMFs in spintronics application. The 
theoretical studies have shown that the HM would be preserved in ZB CrTe when in 
contact with ZB phase ZnTe and MnTe semiconductors.  
 
2.1.6  Rock-salt CrTe 
 
Figure 2.8  Energy as a function of volume per atom in the three-structural phases of CrTe,    
obtained via FP-LAPW GGA WIEN2K method. [12] 
 
The rock-salt (RS) structure is another metastable phase for CrTe. In view of 
the low value of TC of ZB phase CrTe, some theoretical studies [11, 12, 37] were also 







structurally compatible with the existing semiconductor substrate. Calculation shows 
that the RS CrTe is a HMF with a gap in the minority channel and a magnetic moment 
of 4.0 µB/f.u. The calculated equilibrium lattice constant for RS CrTe is ~5.7 Å. 
However, the HM gap of RS CrTe is small, being about 0.03 eV/f.u,, in its 
equilibrium volume. Fortunately, the HM gap in RS CrTe will increase with the 
volume, e.g. 0.637 eV/f.u. at a lattice constant of 6.013Å.  
 
Figure 2.9 The TC as a function of lattice constant for the ZB and RS structures of CrTe. 
The arrows indicate the equilibrium lattice parameter values according to 
various calculations. For ZB CrTe, this error, combined with strong AFM 
spin fluctuation for the lattice parameters in the range 5.7-6.0 Å, result in 
unphysical negative values of Tc in this range. Away from this range Tc 
values are reliable, although somewhat underestimated. [12] 
 
As shown in Fig. 2.8, the CrTe in RS phase is more stable than in ZB phase 
with an energy that is lower by 0.25 eV/f.u. From this view of point, thick RS CrTe 







for some range of lattice constant, namely, between 5.6–6.1 Å, there are significant 
AFM interactions between the Cr atoms in the ZB CrTe, while the RS CrTe appears 
to be free from such strong AFM interactions and thus ferromagnetism appears to be 
more robust in the RS phase than in the ZB phase. Therefore the TC for RS phase can 
be expected higher. Increased stability with respect to the ZB phase, stronger 
ferromagnetism, and the promise of a higher TC should prompt the experimentalists to 
try to fabricate CrTe thin films in the RS structure.  
 
2.1.7    Summary of CrTe chalcogenides 
Table 2.1   Different CrTe phases along with their structural and magnetic properties. The MS 








Although the Cr-Te compounds have been studied for more than three 
decades, the unusual structural, magnetic and electrical properties in some Cr-Te 
compounds have not been fully understood. The main properties of different CrTe 
phases are summarized in Table 2.1. The Te composition varies from 50% to 62.5%. 
The value of MS in all CrTe phase is lower than that of Meff, which could be attributed 
to either the band hybridization or existence of AFM order. It is noteworthy that the 
hypothetical AFM component in Cr2Te3 has not yet been experimentally observed and 
therefore its magnetic structure has been a puzzle for long time. Furthermore, 
contradictory results concerning the alignment of the AFM component in Cr3Te4 have 
been reported. The last not the least, the HM, which was predicted in metastable ZB 
CrTe and RS CrTe, has renewed the research interests in the CrTe system. 
 
2.2 Exchange Bias 
Exchange bias was discovered in 1956 by Meiklejohn and Bean [38], and its 
characteristic signature is a shift of the center of magnetic hysteresis loop from the 
origin. It occurs in a large variety of systems containing interfaces of AFM and FM 
materials [39-41]. It attracted only limited attention until its extremely useful 
application in the information storage industry, closely related to giant 
magnetoresistance (GMR) and magnetic tunnel junctions (MTJ) [42-44], was 
developed during the last decade. 
One key interest of EB effects is the ability to manipulate and control 
magnetic properties of a FM in contact with an AFM material. It is well known that 
most FM material, such as iron, has a large exchange parameter but a relatively small 







may not be, particularly if the dimensions are a few nanometers. On the other hand, 
many AFM materials have large anisotropies and consequently very stable 
orientations. In the presence of interactions between the AFM and FM moments, both 
the order and orientation of the FM moments can be stabilized by the AFM moments 
with higher anisotropy. Hence, soft FM material can have large FM order and 
anisotropy with the help of AFM material via EB. This advantage benefits a lot in 
spintronics device, such as GMR spin valve, because it can result in the reduction of 
the saturation field to observe GMR in exchange biased systems [45], as compared to 
standard GMR multi-layer systems [42]. 
Prospects for control and enhancement of desirable effects depend upon a 
clear understanding of mechanisms governing exchange bias. However, a 
comprehensive understanding of the EB phenomenon is still open for debate. The 
challenge emanates from several sources, such as complicated interface conditions 
and abundant various phenomena that are observed. There are quite a few theoretical 
models [46] that have been proposed to illustrate the EB effects in the past decades. In 
the following sections, the main factors controlling EB are presented and the leading 
theoretical models are summarized. 
 
2.2.1  Basic phenomena of exchange bias  
In general, exchange bias effects can be observed by cooling a system 
consists of interfaces of FM and AFM materials, in the presence of a static magnetic 
field from a temperature above Néel temperature (TN) of AFM, but below TC of FM to 
a temperature T < TN. The hysteresis loop of the system at T < TN after the field-







direction to the cooling field, i.e. the absolute value of coercive field for decreasing 
(HC1) and increasing (HC2) field is different (see Fig. 2.10) [40]. This loop shift is 
generally known as EB field (HE). The coercivity also has an enhancement after the 
field-cooling procedure. Both these effects disappear at, or close to, the TN 
temperature confirming that it is the presence of the AFM material which causes this 
anisotropy. Instead of uniaxial anisotropy, which is a characteristic of single FM 
material, the magnetization in the AFM-FM exchange-biased system has only one 
easy direction and therefore it was named as unidirectional anisotropy by its 
discoverers, Meiklejohn and Bean [38, 47, 48]. 
 
Figure 2.10  Shifted hysteresis loop in an exchange biased system. Characteristic fields are 









Figure 2.11 Schematic diagram of the spin configuration of an AFM-FM exchange-biased 
system. (a) at different stages (i)-(v) of an exchange biased hysteresis loop (b). 
[39] 
 
An Intuitive picture [40] to understand EB is shown in Fig. 2.11. If a 
magnetic field (H) is applied at a temperature T so that TN < T < TC and the field is 
large enough, all the spins in the FM will align parallel to H. At the meantime, the 
spins in the AFM will remain random, since T > TN (Fig. 2.11(i)). When the AFM-FM 
system is cooled through TN, the magnetic order in the AFM is set up. Due to the 
interaction at the interface, the first layer of AFM spins next to FM aligns parallel to 
those of the FM (assuming ferromagnetic interaction). The successive remaining 







magnetization in the AFM. After the field cooling process, the spins in both the FM 
and the AFM lie parallel to each other at the interface (Fig. 3.11(ii)). When the 
magnetic field is reversed, the spins in the FM start to rotate. However, if the AFM 
anisotropy (KAFM) is large enough, as is often the case, the spins in the AFM will 
remain unchanged. Consequently, the interface interactions between the FM and AFM 
spins will exert a microscopic torque to the FM spins, trying to keep them in their 
original position (Fig. 3.11(ii)). Thus, the magnetic field required to completely 
reverse the FM spins will be higher than if the FM was not coupled to an AFM. An 
extra magnetic field will be required to overcome the microscopic torque exerted by 
the spins in the AFM. Conversely, when the magnetic field is reversed back to its 
original direction, the rotation of spins in the FM will be easier than in an uncoupled 
FM. The net effect will be a shift of the hysteresis loop along the magnetic field axis, 
i.e. the EB field HE. Thus, the FM spins in the AFM-FM system have only one 
energetically favourable configuration, i.e. the anisotropy is unidirectional. For the 
low AFM anisotropy case, the situation is different. If the AFM anisotropy is very low, 
the AFM spins can be dragged by the FM spins. The extra energy associated with the 
creation of a twist in the AFM structure translates into an enhanced coercivity HC.   
The intuitive picture is simple, but there is little quantitative understanding of 
EB phenomena. The role of the many different parameters involved in exchange bias, 
such as anisotropy, interface roughness, spin configuration or magnetic domains, is 
far from being understood. Several theoretical models have been established for 









2.2.2  Theoretical models  
(A) Meiklejohn’s Intuitive Model 
The first theoretical model to explain EB was proposed by Meiklejohn and 
Bean [38], which is an intuitive model. They assumed coherent rotation of the 
magnetizations of FM and the AFM materials. In this model, the energy per unit area 













                                  (2.1) 
where H is the applied field, MFM the saturation magnetization of FM layer, 
tFM the thickness of the FM layer, tAFM the thickness of the AFM layer, KFM the 
anisotropy of the FM layer, KAFM the anisotropy of the AFM layer and JINT the 
interface coupling constant. The angles β, α and θ are the angles between the 
magnetization and the FM anisotropy axis, the AFM sublattice magnetization (MAFM) 
and the AFM anisotropy axis, and the applied field and the FM anisotropy axis (see 
Fig. 2.12). Note that the AFM and FM anisotropy axes are usually assumed to be in 
the same direction (i.e. collinear). The first term in the energy equation accounts for 
the effect of the applied field on the FM layer, the second term is the effect of the FM 
anisotropy, the third term takes into account the AFM anisotropy and the last term 
takes into consideration the interface coupling. Although this energy function takes 
into account the main parameters involved in exchange bias, it assume: 1) the absence 
of AFM and/or FM domains; and 2) the AFM and FM anisotropy axes are parallel 








Figure 2.12   Schematic diagram of angles involved in an exchange-biased system. The 
AFM and FM anisotropy axes are assumed collinear. [39] 
 
In the simplest case the FM anisotropy is assumed to be negligible (This is a 
reasonable assumption since the AFM anisotropy is normally larger than the FM one.), 
thus the energy becomes 
)cos()(sin)cos( 2 αβαβθ −−+−−= INTAFMAFMFMFM JtKtHME .     (2.2) 
To simplify the derivation, θ = 180° is assumed. Then, minimizing the energy with 




JH = .                                                                                    (2.3) 
Another important result from this minimization is that the condition 
( INTAFMAFM JtK ≥ ) is required for the observation of exchange anisotropy. If 
INTAFMAFM JtK >> , then the system is minimized by keeping α small independently of 







small, i.e. AFM and FM spins rotate together. In other words, if the above condition is 
not satisfied, the AFM spins follow the motion of the FM layer, thus no loop shift 
should be observed, only an increase in coercivity.  
The exchange bias magnitude predicted by this model depends on the 
assumed value for JINT. If JINT is taken to be similar to the ferromagnetic exchange, 
the value of HE is predicted to be two orders of magnitude larger than the 
experimental results. To explain this discrepancy, different approximations of the 
energy equation have been employed to model the EB. These studies attempt to 
include other important parameters in EB systems which are not considered in the 
basic Eq. (2.1), e.g. the formation of domains in the AFM or FM layer and non-
colinearity of FM-AFM spins. The following models will take into consideration 
these parameters to explore the underlying physics of EB. 
(B) Malozemoff’s  random field model 
Thirty years after the publication of Meiklejohn’s intuitive model, 
Malozemoff [49-51], in 1987, proposed a model of exchange anisotropy based on the 
assumption of rough FM-AFM compensated and uncompensated interfaces. 
Malozemoff postulated randomness in the exchange interactions at the AFM-FM 
interface, arising, for example, from interface roughness of defects. These random 
exchange interactions act like a random field on the antiferromagnet (AF) and form 
AFM domains. The HE is determined by the interfacial energy difference between the 
energetically favorable interfacial AFM-FM coupling (parallel coupling) and 
energetically unfavorable interfacial AFM-FM coupling (antiparallel). In the case of 
antiparallel coupling, AFM domains form in the AFM layer to minimize the energy of 







actually stems from the energy required for the formation of AFM domain walls, 
rather than the exchange interaction energy of antiparallel coupling of the AFM and 
FM spins. This model is possible to reconcile the experimental data with theory, 
reducing by two orders of magnitude the overestimate valve derived using Eq. (2.3). 








= .                                      (2.4) 
In spite of its success in obtaining a reasonable estimate for HE, this model has a 
severe drawback that it crucially depends on a roughness or defect concentration at 
the interface.  
(C) Mauri’s AFM domain wall model 
Shortly after the publication of Malozemoff’s random field model, Mauri et 
al. [52] have attempted to demonstrate the AFM domains with more fundamental 
explanations. In early work, the exchange field FMFMINTE tMJH /=  is given by Eq. 
(2.3), where JINT is the exchange coupling strength between the AFM and FM spins at 
the interface. However, in Mauri’s model as well as, the real exchange coupling 
energy HEMFMtFM will reach a limit no matter how large JINT is. More physical reason 
for this limit is that a domain wall can be built in the AFM reversing the spins at the 
interface. The energy required per unit area of this domain is AFMAFM KA2 . This 
leads to the more realistic equation 
AFMAFMFMFME KAtMH 2= ,                                                  (2.5) 
which is valid for any strong interface coupling systems. As shown in Fig. 2.13, the 







AFMAFM KA /π ) is assumed to have a uniaxial anisotropy in the z direction. Only one 
sublattice of AFM spins are presented. The thickness of FM layer must be thin so that 
the FM layer can be treated as a single domain. The angle between the spins of the 
first AFM layer and the z-axis is α. If ,0≠α a tail of domain walls extends into the 
AFM layer.  
 
Figure 2.13   Schematic AFM domain wall model for a system consist of a thin FM layer on a 
thickAFM layer. Only one sublattice of the AFM spins is shown. [52] 
 
As pointed out by other researchers [46], the main assumptions of the 
Mauri’s model are (1) perfectly flat interface; (2) parallel magnetization of the FM 
and AFM sublattices in the absence of an external field; (3) the FM layer being 
treated as a single domain; and (4) a domain wall that develops inside the AFM layer, 
which has the effect of imposing an upper limit on the exchange coupling energy, 
such that it reaches significantly smaller values than those given by Eq. (2.5). 
However, assumptions (1), (2) and (4) are debatable. First, the requirement for 
perfectly flat interface is not realistic. Second, parallel alignment of the FM and AFM 
spins at the interface is not the only possible configuration to observe EB. In fact, 







interfacial FM and AFM spins is also possible to observe EB and the hysteresis loops 
in these systems are shifted along the cooling-field direction, which is namely positive 
EB. Furthermore, it does not provide clues to understand how compensated interfaces 
can yield values of HE as large as, or even larger than, uncompensated ones, which 
has also been observed experimentally [54-56]. Usually, in the case of compensated 
interface, the FM magnetic moments are orthogonal to the bulk AFM easy axis in the 
magnetic ground state configuration. Hence, Mauri’s AFM domain wall model is 
quite limited to some specific systems.  
(D) Model for orthogonal FM and AFM spins. 
The problem of EB in systems, e.g. NiFe/FeMn [54] and Fe/FeF2 [55], with 
compensated AFM interfaces and orthogonal FM and AFM pins was first tackled by 
means of a micromagnetic calculation by Koon in 1997 [57]. Full micromagnetic 
calculations show that, for a compensated interface, the 90° angle between the 
magnetization directions of the FM and AFM layer is predicted to be a reasonable 
configuration and it is related to the well-known “spin-flop” state in AFM material. 
However, the work of Koon, as properly pointed out by Schulthess and Butler [58, 
59], failed to yield the exchange field HE. The “spin-flop” state in AFM by itself is 
not sufficient to generate EB while it can explain the enhancement of HC. Schulthess 
and Butler attributed the occurrence of HE to the interface roughness or defects by 
employing Malozemoff’s random field model. In other words, the spin-flop coupling 
between FM and AFM films gives rise to a uniaxial rather than a unidirectional 
anisotropy. A necessary consequence is that additional mechanisms, such as those 









Figure 2.14  Schematic of initial and final spin-flop states for a compensated 
interface with orthogonal FM and AFM spins in the ground state. Note 
that the interfacial coupling type is antiferromagnetic, account for the 
positive exchange bias. [58] 
 
 
(E)  AFM domain state model 
 
Figure 2.15 Dependence of the HE (a) and HC (b)in Ni and Py for both parallel (solid symbols) 
and antiparallel (open symbols) cooling configurations. [60] 
 
All the models discussed above only focus on the AFM-FM interface, in 
particular, the AFM domain near the interface. However, recently Morales et al. [60] 
experimentally found that EB cannot be a purely interfacial effect and that the bulk 







FM interface. The experimental design is based on Ni(50nm)/FeF2(200nm)/Py(50nm) 
trilayers, which is simple and conclusive. No interlayer exchange coupling exists 
between the Ni/FeF2 and FeF2/Py interface is confirmed. Two configurations are set: 
parallel alignment of Ni and Py moments and antiparallel alignment of Ni and Py 
moments. The magnetic properties of the two FM layers (Ni and Py) in the parallel 
and antiparallel configurations are probed by magneto-optical Kerr effect (MOKE) 
measurement, which allows individual study of the EB effects of the two FM layer, 
respectively. No difference of the results would be expected if the EB is purely an 
interfacial effect. However, as is shown in Fig. 2.15 (a), the values of HE in the two 
different configurations change significantly. That is to say, the bulk AFM moments 
indeed have effects on the interfacial AFM-FM coupling. Furthermore, there is nearly 
no change of the values of HC in both Ni and Py, suggesting the mechanism 
responsible for coercivity enhancement must be decoupled and independent of the 
mechanism that gives rise to EB. The authors suggested that a possible explanation 
could be found in the domain state model [61] that attributes EB to the formation of 
domains throughout the AF volume.  
The domain state model was proposed by Nowak et al. in 2002 [61]. The 
authors performed a systematic study in both theory and experiment to establish a 
new model to explain most of the EB phenomena, such as training effects, cooling 
field dependence, AFM thickness dependence etc. The theoretical calculations accord 
well with the experimental results. The authors started the study first in a system 
consist of a FM layer coupled to a diluted AFM layer and then applied the model to 
other systems with undiluted AFM layer. They found that the dilution in the AFM 







has its origin in a domain state in the volume part of the AFM which triggers the spin 
arrangement and the FM/AFM exchange interaction at the interface. The reason for 
the domain formation was originally investigated by Imry and Ma [62], which is due 
to a statistical imbalance of the number of impurities of the two antiferromagnetic 
sublattices. At the meantime, in the presence of an external field, this imbalance leads 
to a net magnetization within the formed AFM domains which couple to the external 
field. In the EB system, the exchange interaction of the formed AFM domains and the 
FM moments at the interface results in the EB effects. Note that the large AFM 
domains are irreversible during the reversal of FM moments and therefore the 
coupling between these irreversible AFM domains and FM moment leads to the shift 
of the hysteresis loop, while the small AFM domains rotate with the FM moments and 
therefore result in an enhancement of HC. In this model, domain formation is crucial 
for the existence of EB. The authors demonstrated that dilution is not the only origin 
for domain formation in AFM. Any disorder in the bulk AFM or at the interface 
would give rise to the formation of AFM domains. Hence the authors believed that the 
AFM domain state model can be applied to a variety of EB systems. 
 
2.2.3  Important parameters in exchange bias 
 
The following section reviews the studies of the major parameters in 
exchange bias, such as FM thickness, AFM thickness, spacer layer, blocking 
temperature, interface roughness, coercivity and cooling filed. 
(a)  Thickness of ferromagnet 
For all the systems studied, it has been observed that exchange bias is 









H 1∝ .                               (2.6) 
This relation holds for rather thick FM layers (several hundred nm), as long as the 
thickness is smaller than the FM domain wall size [55, 63-74]. However, if the FM 
layer is too thin, the relation is no longer valid [74], probably because the FM layer 
becomes discontinuous. The thickness at which this occurs (usually a few nm) varies 
from system to system and depends on the microstructure and growth of the FM layer 
[54, 68, 75-82]. 
(b) Thickness of antiferromagnet 
 
 
Figure 2.16 Dependence of exchange bias Heb (square symbols) and HC (triangular symbols) 
with the AFM layer thickness for Fe80Ni20/FeMn at a fixed tFM = 7 nm [54]. 
 
The dependence of HE on the AFM thickness is more complicated. The 
general trend is that for thick AFM layers, e.g. over 30 nm, HE is independent of the 
thickness of the AFM layer. As the AFM thickness is reduced, HE decreases abruptly 







shown in Fig. 2.16. There is a critical AFM thickness for the presence of EB, e.g. ~20 
nm of FeMn. At the meantime, a peak in HC can be observed around the onset of 
AFM thickness to observe HE, which is believed to be associated with the reversible 
AFM domains in the case of thin AFM thickness [61]. 
The exact thickness at which the different stages in this process take place 
depends on the specific system, its microstructure and the measurement temperature 
[68, 75, 83-101].The decrease of HE for thin enough AFM layers is due to several 
connected factors. As discussed in the previous section, exchange bias requires the 
condition INTAFMAFM JtK >>   to be fulfilled. Thus as tAFM is reduced this condition is 
violated, moreover the dependence of KAFM with AFM thickness, which has not been 
studied in detail, may also influence HE. Another important factor is thickness 
dependence of TN, and thus the blocking temperature, TB, of the AFM layer. Therefore, 
for thin enough AFM layers the reduced temperature, TB varies with thickness. 
Additionally, the AFM domain structure may also affect HE if the thickness becomes 
comparable to the AFM domain wall size. Finally, decreasing the thickness of the 
AFM layer may change the AFM grain size which in turn influences the critical 
thickness at which HE = 0. 
(c) Spacer layer 
The interlayer coupling has been observed and intensively studied in 
multilayer structures with various FM layers and spacer layers [44]. The interlayer 
coupling can be either FM or AFM depending on the thickness of the spacer layer. 
The interlayer coupling can extend to more than 100 Å [102]. However, there are only 
few reports on FM-AFM exchange-biased systems with spacer layer. This may be 







AFM spins is supposed to give the strongest EB coupling. The first studied was 
carried out by Gökemeijer et. al. in year 1997 [103] to investigate the effects of 
nonmagnetic noble metal (Cu, Au, Ag) spacer layer in Py/spacer/CoO system. The 
observation of FM-AFM exchange coupling across a nonmagnetic layer demonstrates 
that the exchange bias is a long-range interaction extending to ~50 Å. This coupling is 
not oscillatory but decays exponentially. The range of FM-AFM exchange coupling is 
specific to the spacer material, and thus most likely electronic in nature. More 
materials (Al, Ag, Au, Si, Pd, Ru, and Ti) were examined in Co84Fe16/spacer/Ir22Mn78 
by Thomas et al. in year 2000 [104]. The HE decreases rapidly when the spacer 
thickness increases, and in all cases, with the exception of Ag, vanishes for spacer 
layers thicker than 8 Å. For most materials with the exception of Ti, this variation is 
monotonic. For Ti spacer layers, an oscillating behavior is observed. An exponential 
dependence is observed over a wide range of thickness for Ag, Cu, Ru, and Pd. Clear 
deviations to the exponential decay are observed for very thin spacer layers. This is 
particularly the case for Al and Ti spacer layers. In this range where the spacer layer 
is likely not to be continuous, a slower decay is observed. In the case of Ag, a longer 
decay length of 7.5Å is observed. Insulating spacer layer (AlOx) was studied in 
Co/CoO exchange-biased system in year 2004 [105]. The dependence on the AlOx 
spacer thickness is non-monotonic with a maximum two order enhancement of the HE 
at a spacer thickness of 1.0 nm. These observations were explained by the authors in 
terms of a discontinuous layer structure of the layer. Similar enhancement of HE by an 
insert of ultrathin nonmagnetic spacer (Pt) was observed in PtCo/spacer/FeMn. This 
can also be attributed to the discontinuous of the spacer layer, which increases the 







(d) Blocking temperature 
The exchange bias vanishes above a temperature often denoted as the 
blocking temperature, TB. In some cases TB is much lower than the bulk TN, however 
in other cases TB ~ TN. The origin of this effect seems to be related, at least in part, to 
the grain size and thickness of the AFM layer, through finite size effects [106]. In 
other words, if the layer thickness is thinner than a system dependent critical 
dimension of the AFM, the TN of the AFM is substantially reduced. This assumption 
seems to be supported by the fact that systems based on single crystal AFM and thick 
AFM films with large grains tend to have TB ~ TN [107-109], while systems with very 
thin films have TB < TN [110-112]. 
Other size effects are caused by the fact that the anisotropy of the AFM 
depends on its dimensions and that the condition INTAFMAFM JtK >>  has to be fulfilled. 
Although the size effect on anisotropy has not been carefully studied, if we assume 
that the AFM anisotropy decreases as its size is reduced, a reduction of TB would be 
expected. As discussed above smaller anisotropy implies smaller exchange bias and 
consequently TB < TN . 
(e) Interface roughness  
Most investigations of the roughness role on exchange bias in textured thin 
films seem to agree that the magnitude of HE decreases with increasing roughness 
[113-118]. Although some systems appear to be less sensitive to roughness [42, 119] 
or behave in the opposite way [120].This behavior appears to be independent of the 
interface spin structure, i.e. compensated, uncompensated or out-of-the-plane. 
However, the opposite effect, i.e. the magnitude of HE increasing with increasing 







compensated and uncompensated surfaces), indicating that the microstructure may 
play an important role. It is worth mentioning that HE for samples with polycrystalline 
AFM layers appears to be less sensitive to roughness. 
These results can be understood, for uncompensated AFM surfaces, with the 
intuitive model presented in the introduction. The roughness creates areas of different 
spin orientation, thus the total number of spins pinning the FM in one direction is 
reduced, concomitantly reducing the magnitude of HE. However, this simple 
reasoning is not valid for compensated surfaces, because the surface remains 
compensated independently of the roughness. Thus, the above conjectures imply that 
the magnitude of HE should remain unchanged or even increase for compensated 
surfaces. 
More sophisticated models assume that roughness affects the interface 
coupling, JINT, and consequently the magnitude of HE [53, 121-123]. Finally, 
roughness may affect the formation of domains (e.g. by pinning) in the AFM layer or 
the amount of uncompensated surface spins and thus influence HE [49-51]. 
(f) Coercivity 
Although the coercivity, HC, is strongly affected by the exchange anisotropy, 
it is seldom studied systematically. The coercivity usually increases below TB, which 
is probably linked to the anisotropy of the AFM layer. Normally, those with smaller 
AFM anisotropy tend to have a larger increase in coercivity [124. 125]. This increase  
in coercivity below TB is intuitively simple to understand. In the case of an AFM with 
small anisotropy, when the FM rotates it drags the AFM spins irreversibly, hence 
increasing the FM coercivity. For a large AFM anisotropy, the FM decouples because 







the influence of the anisotropy on the coercivity is the peak which it often exhibits 
close to TB [126-131], as shown in Fig. 2.17. This peak is due to the decrease of AFM 
anisotropy close to TB. As the anisotropy decreases, the FM is able to drag 
increasingly more AFM spins, thus increasing the coercivity. Above TB the AFM is 
random, thus it does not hinder the FM rotation. The width of the peak is related to 
sample homogeneity. 
 
Figure 2.17 Exchange bias, HE, and coercivity, HC, versus temperature for an FeF2/Fe 
bilayer after field cooling. [39] 
 
As shown in Fig. 2.16, an analogous peak effect is found in the AFM 
thickness dependence of HC at a fixed temperature. The explanation of this thickness 
dependent effect is similar to the previous temperature dependent one. In this case, as 
the AFM thickness decreases the effective AFM anisotropy, KAFMtAFM, is reduced. 
Thus, the FM can drag more AFM spins as the AFM layer is thinner, increasing the 
coercivity. For thin enough films, the AFM layer is no longer magnetic thus it stops 







(g) Cooling field  
The effects of the cooling field amplitude (or the field applied during growth 
in some systems) are rarely reported [132-134]. This is probably because generally HE 
does not change with large enough cooling field. However, studies in FeF2/Fe and 
MnF2/Fe bilayers revealed a rather unusual behavior [135]. The most striking result is 
that for large cooling fields the loops instead of shifting towards negative fields (for a 
positive cooling field), they shift to positive fields, i.e. in the same direction as the 
cooling field. This effect is often called positive exchange bias, which is contrary to 
what is observed for small cooling field or what is observed in other systems 
(negative exchange bias). The magnitude of the cooling field needed to obtain a 
positive shift depends strongly on the microstructure of the sample, and thus the 
interface coupling at the interface. For strong couplings larger cooling fields are 
needed to obtain positive loop shifts. Different theoretical models have been proposed 
to explain this effect [57, 136]. However, all the models are based on the existence of 
an antiferromagnetic coupling at the interface between the FM and AFM layers. If the 
FM-AFM coupling is ferromagnetic, as usually assumed in most theoretical models, 
there should be no substantial effect of the cooling field. 
 
2.2.4  Summary 
Exchange bias is a complicated phenomenon and, for this reason, Schuller 
named it as “EB-lephant” [137]. As in the story of the blind man and the elephant, 
models and theories developed to explain EB are often widely varied and 
contradictory. Even experimental results seem to be contradictory. The complexity of 







result of the interactions of a lot of spins. It is reasonable to study the magnetic 
properties of different spins systems using different models. For example, there are 
two kinds of domain walls (block wall and Néel wall) in FM; there are also two types 
of magnetization reversal (rotation and domain wall motion). The point is that there 
might be no single unified model or theory to explain some magnetic phenomenon in 
all different magnetic systems, which is possible the case of EB. Hence, the existing 
models to explain EB discussed above have attained different degrees of agreement 
with existing experimental results. However, often the individual approximations 
apply for a specific system and are not valid for other systems. A summary of these 
main models are presented in the Table 2.2. 
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This section presents the deposition system and characterization techniques. 
The molecular-beam expitaxy (MBE) system was used to synthesize the samples. It is 
equipped with an in-situ reflection high energy electron diffraction (RHEED) system 
to monitor the growth mode and surface reconstruction. Subsequently, various 
characterization methods were used to study the structural, magnetic and electrical 
properties of the samples. The structural property were characterized by atomic force 
microscopy (AFM), X-ray diffraction (XRD), energy dispersive X-ray spectroscopy 
(EDS), X-ray photoelectron spectroscopy (XPS) and transmission electron 
microscopy (TEM). The magnetic properties were characterized mainly by the 
superconducting quantum interference device (SQUID) magnetometer. The X-ray 
magnetic circular dichroism (XMCD) was also employed to study the average 
magnetic moment in the sample. 
 
3.1     Deposition technique: Molecular-beam epitaxy (MBE)  
In the late 1960s, Cho and Arthur [1] first successfully used a molecular-
beam apparatus to grow crystalline GaAs epitaxial layers, and since then, high 
vacuum epitaxial growth techniques using particle beams have developed rapidly, and 
consequently thereafter, a new epitaxial growth technique appeared, which is known 
as molecular-beam epitaxy (MBE). MBE is a versatile technique for growing thin 
epitaxial structures made of semiconductors, metals or insulators. In MBE, thin films 
crystallize via reactions between thermal-energy molecular or atomic beams of the 
constituent elements and a substrate surface which is maintained at an elevated 
temperature in ultrahigh vacuum (UHV) [1, 2]. Because of the UHV deposition, MBE 







governed mainly by the kinetics of the surface processes occurring when the 
impinging beams react with the outermost atomic layers of the substrate crystal. The 
notion of epitaxy can be inferred as the orderly arrangement of atoms upon each other. 
Typically, for epitaxial thin film growth, the lattice mismatch is less than 7 %. The 
UHV ensures that highly directional atoms or molecules beam is directed onto the 
substrate without having scattered by residual gas molecules. However, the growth is 
essentially kinetically limited and it is governed by the arrival rates and surface 
lifetimes of the impinging species. 
MBE significantly differs from other vacuum deposition techniques in its 
more precise control of the beam fluxes and growth conditions. But what really makes 
it stand apart is the ability to control the growth parameters using in-situ 
characterization techniques such as the reflection high energy electron diffraction 
(RHEED), Auger electron spectroscopy (AES), ellipsometry and laser interferometric 
methods among others. Advances in MBE in the past two decades have ushered in a 
new era of growth concepts and device technologies, such as bandgap engineering, 
quantum structures (dot/wire/box), quantum phenomena (inter/intra sub-band 
transitions), delta doping, superlattices and strained layer structures [3-5]. 
The model of the MBE system used for this study is ULVAC MBC-1000-2C 
which comprises of a preparation chamber and a growth chamber. These are stainless 
steel chambers connected to a turbomolecular pump and a rotary pump. In addition, 
the growth chamber is equipped with titanium getter pump and sputter ion pump to 
achieve a pressure of ~ 10-10 Torr when cooled with liquid nitrogen. There is no 
magnetic field generator in the MBE system. A schematic diagram of the system is 







a load-lock valve where the substrates, e.g. MgO, BaF2 and GaAs, are degassed at T = 
250 ˚C prior to actual deposition in the growth chamber. The epi-ready square (~ 16 
mm) GaAs or the circular (~ 25.4 mm) MgO or BaF2 substrates are placed on a 
custom-made hollow substrate holder made of Molybdenum. A total of four substrates 
can be loaded at the same time into the preparation chamber. The growth chamber 
consists of eight effusion cells with individual mechanical shutter. The elemental Cr, 
Mn, Zn, Cd and Te (valved cracker) were used for this research work. 
 
Figure 3.1 A schematic diagram of the MBE system. 
 
These effusion cells are independently heated until the respective desired 
material’s beam equivalent pressure (BEP) has been met. Prior to raising the cell 
temperature, a good background pressure (~ Torr) is ensured with continuous inflow 
of liquid nitrogen to allow accurate calibration of the BEP. The BEP varies linearly 
with temperature and the typical range of BEP used for Cr, Cd, Mn and Zn are 8101 −× , 
6101 −× , 8105 −× and 7101 −×  Torr at 1230, 210, 670, 210 ˚C, respectively. The Te 







and cracker zones. The temperatures at the bulk and cracker zones are set at 330 ˚C
and 650 ˚C, respectively to achieve a BEP of 7101 −×  Torr. At sufficient high 
temperature ~ 650 ˚C at the cracker zone, the Te molecules form Te 2 which have 
higher sticking coefficients than that of the uncracked counterparts. Additionally, the 
Te opening is controlled automatically by a servo motor controller (SMC) which 
allows a more accurate control of the Te flux. The BEP is related the flux (J) of 
species which then affects the composition and growth rate of the sample. The 
following Eq. (3.1) has been use as a guideline to determine the desired BEP and 


















,                                                   (3.1) 
where 2)6.014/4.0( Ni Z ηη +=  is the is the ionization efficiency in relation to N2 and 
Z is the atomic number, Ti and Mi, are the cell temperature and molar mass of species i, 
respectively. The substrate is being transferred from the preparation chamber to the 
growth chamber via the transfer rod. The substrate manipulation system allows the 
substrate to be rotated during growth to increase the uniformity of the film. Overall, 
the operation of shutters, cell and substrate temperatures, and rotation speed can be 
controlled through the touch panel as well as computer automation. 
The MBE is equipped with an in-situ RHEED system to monitor the growth 
mode and surface reconstruction. There are generally two kinds of epitaxial growth, 
namely homo-epitaxy and hetero-epitaxy. Homo-epitaxy refers to the case when the 
deposited thin film and substrate are same kinds of material. On the other hand, 







different kinds of materials. In this project, hetero-epitaxy is utilized to grow CrTe 
thin films on the substrates of other materials. 
 
Figure 3.2  Diagram of three heteroepitaxy growth modes: (a) Frank-van der Merwe mode, 
(b) Volmer-Weber mode and (c) Stranski-Krastanow mode. [3] 
 
Figure 3.2 shows the three possible growth modes in hetero-epitaxy: Frank-
van der Merwe, Volmer-Weber (VW) and Stranski-Krastanow (SK). As shown in Fig. 
3.2 (a), Frank-van der Merwe mode refers to the successive addition of 2D layers to 
the substrate crystal. The second mode, Volmer-Weber [Fig. 3.2 (b)], will occur when 
the added material can minimize its free energy by trading increased surface area for 
decreased interfacial area, forming an island structure like water droplets on glass. A 
third mode called Stranski-Krastanow [Fig. 3.2 (c)] will happen when the added 
material’s lattice spacing has a mismatch with that of the crystalline substrate. In this 
process, growth starts with a strained 2D wetting layer, but islands start to form after 
the first few monolayers. The driving force for island formation is the incorporation of 







The crystal lattice mismatch is a very important parameter in epitaxial film 
growth since the epitaxial growth will be affected by the mismatch ratio which can be 








=                                                      (3.2) 
where as is the lattice constant of the substrate and af is the lattice constant of the film. 
The limit of lattice mismatch for epitaxial growth is ~ 7 %. If the lattice constants of 
the substrate and thin film are matched, the growth will be perfect without strain. If 
the mismatch is small, the film will be coherently strained. On the contrary, there will 
be mismatch dislocation if the mismatch is large. In this situation, a buffer layer is 
normally required. The buffer layer should have better lattice match with both the 
targeting material and the substrate. If the buffer layer is thick enough, it will perform 
like a virtual substrate. Therefore epitaxial growth can be achieved even with large 
mismatch between the film and the substrate. The RHEED system used to monitor the 
growth progress directs an electron beam of 20 keV at a glancing angle of < 3° to the 
sample surface and allows it to scatter onto a fluorescent screen. The details of 
RHEED are presented in the following section 3.2.1. 
 
3.2     Characterization techniques  
The structural properties are characterized by in-situ RHEED, AFM, XRD, 
EDS, XPS and TEM. The in-situ RHEED, AFM and XRD are used to study the 
surface morphology and the crystal structures and orientations, respectively. The XPS 
are used to examine the chemical state of the elements in the film and thereby 







sample at atomic resolution. It not only shows the crystal structure and the interface 
quality of each layer, but also capable of determining the chemical composition of 
specific region when equipped with an EDS system. These techniques are 
indispensable in materials research. The magnetic properties were characterized 
mainly using the SQUID. Often, the remanent magnetization as a function of 
temperature is measured to determine the Currie Temperature (TC) of CrTe samples. 
Additionally, hysteresis loops also provide information on coercivity, saturation 
magnetization and exchange bias field. The average magnetic moment was also 
studied by XMCD. 
 
3.2.1     Reflection high-energy electron diffraction (RHEED) 
One of the most common in-situ analysis techniques available during MBE 
growth is reflection high energy electron diffraction (RHEED), which provides 
structural information about the surface of the film. In a RHEED system, an electron 
gun produces a beam that strikes the sample surface at a grazing angle (below 3°). 
The atoms on the surface diffract or scatter the incident electrons onto a detector 
(phosphor screen) mounted opposite to the electron gun. Due to the small angle of 
incidence, only a few atomic layers at the surface are probed. The pattern that is 
generated on the screen is indicative of the surface reconstruction of the film. The 
pattern contains information on the surface crystal structure, crystal orientation, and 
the degree of surface roughness. In epitaxy, RHEED is used to determine the surface 
reconstruction and growth mode. A layer-by-layer (2D) growth mode produces 







indicative of a polycrystalline surface. Amorphous films have no long range order and 
are characterized by a diffused background [7]. 
 
3.2.2     Atomic force microscopy (AFM) 
The AFM is a useful tool for measuring roughness and imaging the 
topography of surfaces. In this technique, a probe attached to a cantilever is used to 
interact with a sample and scan across the surface of the sample to derive its surface 
profile. The system used in this work is the Digital Instruments Nanoscope III (DI-
3100) multimode scanning force microscope. It can operate in three modes, namely 
contact, non-contact and tapping modes. They differ by the way the cantilever with a 
probe at its end traverse across the surface. Nevertheless, the basic working principle 
is similar. The tapping mode has been used in this case. In this mode, the cantilever 
oscillates near the resonant frequency at a particular height as it traverses across the 
surface. The probe interacts with the surface by means of van der Waals forces. With 
a different surface topography, the cantilever’s deflection changes and this is 
monitored by optical means. The laser which is directed on to the cantilever is 
reflected onto a position-sensitive photodiode. This signals the piezoelectric crystal to 
adjust the tapping height back to its relative distance from the surface. Thus, the 
changes in the height information can be used to map the topography of the surface 
[8]. 
 
3.2.3    X-ray Diffraction (XRD) 
The XRD is a non-destructive analytical technique capable of identifying the 







of the films [9]. The Philips X’PERT MRD high resolution X-ray diffractometer was 
used in this work. The measured XRD patterns are compared with an internationally 
recognized database containing reference patterns for more than 70,000 phases.  
The diffraction patterns are formed when the reflected X-rays from atoms of 
different crystal planes interfere with each other. These reflected rays are emitted 
from atoms when the incident X-rays interact with the electrons in the crystal causing 
them to oscillate in the same frequency. The X-ray source is predominately Cu Kα1 X-
ray with a wavelength of 1.54056 Å, although traces of Kα2 (1.54402 Å) and Kβ 
(1.39208 Å) are detected as well. When a monochromatic X-ray with wavelength (λ) 
is incident at an angle (θ) on lattice planes with inter-plane distance (d), constructive 
interference (peaks) occurs when the distance travelled by X-rays reflected from 
successive phases differs by an integer number (n) of λ. This is governed by the 
Bragg’s law 
λθ nd =sin2                                                                     (3.3) 
The system mainly comprises of the source, sample stage and detector. These 
are aligned along the circumference of the focusing circle. The angle forms between 
the plane of the stage and the source is θ, while the angle between the projection of 
the source and detector is 2θ. Thus the diffraction patterns measured with such 
geometry are often known as θ-2θ scan. By using appropriate equations for d 
depending on the type of crystal structure, the Miller index and hence the crystal 
orientation can be determined.  
3.2.4  X-ray Photoelectron Spectroscopy (XPS) 
The XPS system (PHI Quantum 2000: Scanning ESCA Microprobe) was 







determine the film’s chemical composition and depth profile. It consists of mainly an 
Al anode X-ray source, an electron energy analyzer, a low energy electron flood gun 
for reducing the charging effect in insulating sample and an Ar ion source for 
sputtering. This technique involves the measurement of the kinetic energy (KE) of 
photoelectrons ejected from sample surface when excited by a monochromatic soft X-
ray. 
 
Figure 3.3 An illustration of the photoemission effect. 
 
The photoemission effect is illustrated in Fig. 3.3. The binding energy (BE) 
of the photoelectron can thus be calculated as,  
δφν +−−= KEhBE                                                          (3.4) 
where hν is the excitation X-ray energy, ϕ is the electron spectrometer work function 
and δ is the net surface charge. Since each element has a unique spectrum of number 
of electrons per energy interval versus their KE, they can be identified quantitatively 
by their exact peak position and relative peak height. For a depth profile analysis, 







are analyzed at each interval. The chemical state of the desired element must be 
selected carefully so as not to have peak position that overlaps with that of other 
elements.  
 
3.2.5  Transmission Electron Microscopy (TEM) and selective-area electron 
diffraction (SAED) 
 
Figure 3.4 Diagram outlining the internal components of a basic TEM system. [11] 
 
The TEM allows the imaging of the crystallographic structure of a sample at 
an atomic scale [10]. The working principle of TEM is similar to that of a light 







An accelerated beam of electron transmits through the thin specimen to form an 
image which is magnified and displayed on fluorescent screen or detected using a 
CCD camera. The transmitted electrons undergo elastic and inelastic scattering which 
provide crystallographic information such as diffraction patterns and spatial variation 
in intensity which differentiates crystal defects and secondary phases, respectively. A 
schematic of a basic TEM system is shown in Fig. 3.4. 
In order to determine the crystal structure of each layer the selective-area 
electron diffraction (SAED) patterns can be analyzed. Electron diffraction patterns 
can be equated with reciprocal lattice patterns. It is often possible to index an electron 
diffraction pattern by noting its symmetry. A reciprocal lattice has the same symmetry 
as its real lattice. The TEM system (JEOL 2300) used was also equipped with EDS 
which allows elemental analysis. It detects the X-ray emitted when an electron from a 
higher energy shell fills a lower energy empty shell whose electron has been excited 
by the incident electron beam. Similar to XPS, it creates spectral lines that are specific 
to individual elements and thus capable of determining chemical composition and 
elemental mapping of specific regions. 
 
3.2.6     Energy dispersive X-ray spectroscopy (EDS) 
The TEM system (JEOL 2300) used was also equipped with EDS which 
allows elemental analysis. The energy-dispersive X-ray spectrometer (EDS) is an 
attractive tool for a quantitative X-ray microanalysis. Each incoming X-ray excites a 
number of electrons into the conduction band of the Is-Li detector leaving an identical 
number of positively charged holes in the outer electron shells. The energy required 







generated is proportional to the energy of the X-ray photon being detected. The 
incoming X-ray excited electron to promote to the conduction band. At the same time, 
the higher energy shell electron will fall into the holes left by the incoming X-ray 
excitation. Due the energy different between the high energy shell and low energy 
shell, X-ray is released. The released energy of the X-ray is only dependent on the 
atomic structure. Hence, every atom exhibits a characteristic X-ray emission spectrum. 
The fact that a spectrum of interest from 0.1 keV to 20 keV can be acquired in a 
relatively short time (10~100 seconds) allows for a rapid evaluation of the specimen. 
Similar to XPS, it creates spectral lines that are specific to individual elements and 
thus capable of determining chemical composition and elemental mapping of specific 
regions. 
 
3.2.7     Superconducting Quantum Interference Device (SQUID) magnetometry 
The Quantum Design Magnetic Property Measurement System (MPMS-7XL) 
was used to study the magnetic properties of the grown samples over a range of 
temperatures (2-400 K) and magnetic fields (7T). The Josephson Effect is used in the 
detection of magnetization by monitoring the change in the current across a very 
narrow insulating gap between two superconductors. The SQUID comprises of two 
(dc) and one (rf) Josephson junctions within the loop of the superconducting materials. 
This device is extremely sensitive to the changes in the current, which enable it to 
detect very small magnetic flux [12].  
The sample of ~ 5.65.6 × mm2 is suspended on a rod and placed within the 
superconducting pick-up coil that is surrounded by the superconducting magnet. As 







magnetic flux induces a change in the current that is proportional to it (see Fig. 3.5). 
The pick-up coil being coupled to the sensor allows any variation to the current in the 
coil to be detected. Consequently, the sample’s magnetic moment can be determined. 
The sequence of actions to be executed can be programmed. For instance, a zero field-
cooled (field-cooled) measurement requires the sample to be cooled from 300 K to 5 
K without (with) magnetic field and the sample’s magnetization is subsequently 
measured with applied field as a function of temperature. 
 
Figure 3.5 A schematic of the SQUID measurement. [12] 
 
3.2.8   X-ray magnetic circular dichroism (XMCD)  
In X-ray magnetic circular dichroism (XMCD), circular polarized light is 
used to measure the difference in x-ray absorption [13]. XMCD is based upon 
absorption of core electrons with well defined absorption edges. Consequently, the 
magnetic properties of different element present in the investigated sample can be 
separated, which is a big advantage compared to techniques that provide information 







measuring the difference in x-ray absorption between left and right polarized light and 
using the so-called sum-rules, it is possible to get separate quantitative information 
about the spin magnetic moment and the orbital magnetic moment. Due to the mean 
free path of the electrons, XMCD is a surface sensitive technique. 
XMCD is based upon absorption of core electrons. During the excitation, the 
core level electrons are transferred from the initial ground state to empty or partially 
filled molecular states. As the lifetime of an empty core hole is very short, the core 
hole is soon filled by an electron from the valence band during the de-excitation 
process. The de-excitation process is either radiative (fluorescence photons are 
detected) or non-radiative (Auger electrons are detected). In addition to the Auger 
electrons, photoelectrons and secondary electrons are produced. 
In XMCD, all electrons from the sample are detected, thus the sample drain 
current is measured (total electron yield). The XMCD intensity is proportional to the 
angular momentum of the photons and the magnetization of the magnetic material 
investigated. Consequently, the XMCD intensity will be maximized if the 
magnetization and the direction of the angular momentum of the photons are oriented 
parallel with each other. The difference in absorption can be detected either by 
changing the polarization of the light or by changing the direction of the sample 
magnetization. In order to be able to magnetize the sample along both the easy axis 
and the hard axis, a strong magnetic field is necessary. A superconducting magnet 
might thus be needed. 
In XMCD, both the spin magnetic moment and the orbital magnetic moment 
contribute to the total magnetic moment of a material. The spin magnetic moment is 







originates from the spin-orbit interaction. For 3d transition metals, the spin magnetic 
moment is much larger than the orbital magnetic moment [14]. Hence, one needs to 
use so-called sum rules to get quantitative information about the spin magnetic 
moment and the orbital magnetic moment. If the difference in intensity between left 
and right circular polarized light for the first peak in Fig. 3.6 is assigned as A and the 
difference in intensity between left and right circular polarized light for the second 
peak as B. Then, according to the sum rules, A+B is proportional to the orbital 
magnetic moment. The spin magnetic moment is proportional to A-2B. 
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This chapter presents the study of exchange bias effects in zinc-blende CrTe-
MnTe structure grown by molecular-beam epitaxy on GaAs substrate. The CrTe-
MnTe has been theoretically predicted to be a promising half-metallic exchange bias 
system. A negative hysteresis loop shift is observed in the bilayer structure after 
magnetic field cooling. The effects of temperature, cooling field and angular 
dependence on the exchange bias are investigated. The disappearance of HE close to 
the Néel temperature of zinc-blende MnTe confirms that the exchange bias stems 
from the antiferromagnetic MnTe layer. Furthermore, the interfacial coupling in 
CrTe/MnTe is investigated by an insertion of a ZnTe spacer layer. The role of 
antiferromagnetic layer is also examined by varying the thickness of MnTe. 
 
4.1     Exchange bias in zinc-blende CrTe-MnTe bilayer 
In search for half-metallic exchange bias systems, zinc-blende (ZB) CrTe(5 
nm)/MnTe(40 nm) bilayer structure, was for the first time grown on GaAs (100) 
substrate by MBE. A negative shift of the hysteresis loop occurs when the bilayer is 
cooled in an applied magnetic field. The temperature-dependent remanent 
magnetization shows a clear enhancement of the Curie temperature (TC) in the bilayer 
as compared to a single ferromagnetic ZB-CrTe layer. The interfacial coupling type is 
determined as ferromagnetic by studying the cooling field dependence. The angular 
dependence on the exchange bias is also investigated.   
 
4.1.1   Introduction and Motivation 
Exchange bias (EB), which induces a unidirectional shift of a hysteresis loop 






providing an ability to control and manipulate magnetic properties on the nanoscale. 
A significant number of experimental and theoretical works have been performed on 
various EB systems comprised of different antiferromagnetic (AFM) and 
ferromagnetic (FM) materials to understand the mechanisms of EB effect. To date, 
most of the systems employed involved metals, oxides, sulfides, fluorides and nitrides, 
and much of the detailed information of the structures investigated can be found in 
some of the review papers [1-4]. In the recent years, there is a strong interest on EB in 
half-metallic systems such as diluted magnetic semiconductors (DMS) for spintronics 
applications [5-9]. Furdyna et al. [10] have recently observed an enhanced coercivity 
in diluted Ga1-xMnxAs and MnTe multilayers, suggesting proximity effects at the 
FM/AFM interfaces, and Eid et al. [11, 12] have reported clear evidence of EB in 
Ga1_xMnxAs grown on MnO. However, because of the complexity of the magnetic 
structures, e.g., the dilution and reactivity of Mn atoms at the interfaces, the 
reproducibility of the exchange bias in these materials is not yet established. Another 
two important types of HM materials are Heusler compounds (such as Ni2MnSb and 
Co2MnSi) and ZB transition metal pnictides (such as CrAs and CrSb). Unfortunately, 
half-metallicity in these two kinds of materials is usually destroyed by the presence of 
interfaces with semiconductors [13-15].  
Recently, theory studies have been conducted to investigate the half-
metallicity at the ZB transition metal chalcogenides interfaces, CrSe/MnSe and 
CrTe/MnTe, with both compensated and uncompensated AFM components by means 
of the highly precise first principles full potential linearized augmented plane-wave 
(FLAPW) method [16, 17]. The calculation results show that these interfaces offer a 






with 100% spin polarization and in inducing an anisotropy (having greater 
magnetization stability) to control and manipulate spins in the nanoscale, as required 
in high-performance nanoscale spintronics applications.  
The ground state structure of CrTe is NiAs and not a HMF. However, CrTe 
in the metastable ZB phase is predicted to be a HMF, and needs therefore to be 
stabilized via pseudomorphic growth on a semiconductor substrate of ZB phase [18, 
19]. Our groups have previously reported that ZB CrTe thin film of 5 nm thickness 
with a lattice constant of a = 6.21 Å and TC ~ 100 K can be obtained by MBE growth 
with a ZnTe buffer layer at relatively low substrate temperature (TS) [20]. The ZB 
MnTe is an antiferromagnet (AFM) with a Néel temperature (TN) ~67 K and a = 6.33 
Å. Below the TN, ZB-MnTe orders magnetically in a type-III AF structure as reported 
in the neutron scattering experiments [21, 22]. So far, the HM state in ZB phase CrTe 
has not been experimentally proven or disproven. Nevertheless, all the theoretical 
studies agree with the robust HM in ZB CrTe and its interfaces with other 
semiconductors, such as ZnTe [24] and MnTe [16, 17]. Hence, it is of great interest to 
investigate the EB in the ZB CrTe/MnTe layered structure experimentally. The MBE 
technique will make possible the coherent growth of these materials as ultra-thin films 
on appropriate buffer layer (ZnTe) and substrate (GaAs).  
 
4.1.2     Sample preparation and structural properties 
The growth of samples was carried out on GaAs (100) substrates in an 
ULVAC MBC-1000-2C system. The GaAs substrate was first degassed at 250 ˚ C for 
half an hour in preparation chamber to remove the moisture on the surface. The GaAs 






process was carried out at TS of 580 ˚C until streaky RHEED patterns were observed 
along the [0-11] direction (see Fig. 4.1). At the meantime, the Te source was provided 
to replace the vacancies left by Arsenic, which would escape during the oxidation 
desorption progress. After about 10 minutes of oxidation desorption process, the TS is 
rapidly decreased to low temperature for thin film deposition. Note that no in-situ 
magnetic field is applied in the MBE chamber during the deposition. 
 
Figure 4.1 RHEED patterns captured at GaAs after Te exchange. 
 
The lattice constant of ZB-CrTe and MnTe is 6.29 Å and 6.33 Å, 
respectively, while GaAs has a lattice constant of 5.65 Å. Hence a thick ZnTe (a = 
6.10 Å) buffer layer is grown on GaAs (a =5.65 Å) prior to the growth of the 
CrTe/MnTe bilayer structure to reduce the lattice mismatch. Elemental Cr, Mn and Zn 
were evaporated using conventional effusion K-cells while an applied Epi valved-
cracker effusion cell was used for Te. The beam equivalent pressures (BEP) of the 
sources were measured using the flux monitor. The BEP of the Cr, Mn and Zn sources 
using conventional effusion K-cells are controlled only by setting K-cell temperature. 
In the case of Te source using valved-cracker effusion cell, its BEP is controlled by 
both the cell temperatures (bulk and cracker temperatures) and the valve actuator. The 






(mil)) to the top (300 mil) of the cell, which can be easily calibrated with respect to 
BEP. In this chapter, the bulk and cracker temperature of Te source is fixed at 350 °C 
and 650 °C, respectively. The BEP of Te source was adjusted by the valve actuator. 
The surface reconstruction during growth was monitored by in-situ RHEED. The 
surface morphology of deposited thin film was characterized by ex-situ Atomic Force 
Microscopy (AFM). 
 
Figure 4.2  (a) Streaky RHEED patterns of the optimized ZnTe, MnTE and CrTe layer, 
captured at the end of growth of each layer along [0-11] and [011]direction 
with respect to the GaAs substrate; (b) ex-situ AFM image of sample A, B and 
C; (bottom)schematic of layered structure of sample A, B and C with the 






The layered structure CrTe/MnTe/ZnTe/GaAs is optimized layer by layer in 
sequence. The occurrence of streaky RHEED patterns suggests high quality and 
monocrystalline characteristic of the deposited layer. Hence, the BEP of the sources 
as well as the TS were varied in order to observe streaky RHEED patterns in each 
layer. As is shown in Fig. 4.2, the sample of optimized ZnTe, MnTe and CrTe layer is 
labeled as Sample A, B and C, respectively. The layered structure of sample A, B and 
C as well as the optimized TS are shown in the bottom. Figure 4.2 (b) are the ex-situ 
AFM images of Sample A, B and C, showing the surface morphology of ZnTe, MnTe 
and CrTe layer, respectively. The MnTe has the smoothest surface with root-mean-
square (rms) of roughness ~0.57 nm. Figure 4.2 (a) are the RHEED patterns captured 
at the end of growth of each layer along the two crystallographic directions [0-11] and 
[011] of GaAs. Streaky 1×2 RHEED patterns were observed during the whole growth 
process on each layer, suggesting the deposited ZnTe, MnTe and CrTe layers are of 
ZB phase. The optimized flux conditions for ZnTe, MnTe and CrTe layer are shown 
in Table 4.1.  
 
Table 4.1 Optimized flux conditions (K-cell temperature of Zn, Mn and Cr, valve actuator 









Figure 4.3 Cross-sectional TEM micrographs of CrTe/MnTe system with magnification 
of ×50 K (a); ×500 K (b) and SAED near the surface area (c). Inset of (a) is 
the fast Fourier transform (FFT) image of the MnTe lattice (bottom) and the 
CrTe lattice (top). 
 
The structural properties of CrTe/MnTe bilayer (Sample C) were investigated 
using transmission electron microscopy (TEM) and selective area electron diffraction 
(SAED). Figure 4.3(a) shows the cross-sectional TEM images of the layered structure 
and each layer is marked out. Clear interfaces can be observed between different 
layers. The thickness of the MnTe is about 40 nm and CrTe is about 5 nm. The layers 






CrTe/MnTe interface is shown in Fig. 4.3 (b). We note that some defects are observed 
at the interface between the MnTe and CrTe layer. The inset of Fig. 4.3 (b) is the fast 
Fourier transform (FFT) image of the MnTe lattice (bottom) and the CrTe lattice (top). 
The patterns of two FFT images are similar to the SAED pattern in Fig. 4.3 (c). The 
SAED image is taken over a large area ~500 nm on the film. Hence the diffraction 
pattern is mainly from the substrate GaAs (bright dots) and buffer layer ZnTe (weak 
dots). The weak dots follow the bright dots suggests the epitaxial relationship between 
the substrate GaAs and buffer layer ZnTe. Furthermore, the similarity between the 
FFT images and SAED indicates that the MnTe and CrTe layers are of the same ZB 
structure as GaAs substrate.  
 
4.1.3      Magnetic properties  





















Figure 4.4 Hysteresis loops of CrTe/MnTe bilayer structure with and without magnetic field 







Magnetic property of sample C (CrTe/MnTe bilayer structure) was 
investigated using SQUID in the film plane since both the easy axis of ZB-CrTe [20] 
and the AFM spins of the ZB-MnTe [21-22] thin film have been demonstrated to be in 
the film plane. The hysteresis loops of CrTe/MnTe bilayer were measured by rotating 
the sample about an axis perpendicular to the sample plane such that the applied field 
(H) is in the sample plane and at various angles γ with respect to [0-11] 
crystallographic direction of substrate GaAs, i.e. γ = 0 for H parallel to [0-11]. Figure 
4.4 shows the field-cooled (FC) and zero-field-cooled (ZFC) hysteresis loops of 
sample C measured at 5 K along [0-11] direction with magnetic field HFC = 1 T and 
HFC = 0 T, respectively. The magnetic field, HFC, is turned on at temperature of 100 K 
when cooling down the sample. A clear shift of the FC hysteresis loop to the negative 
field is observed.   




























H  ,                        (4.1) 
where +CH  and 
−
CH  are the points where the loop intersects the field axis. In this 
convention, the bilayer hysteresis loops are shifted along the field axis in the opposite 
direction to the HFC (‘‘negative’’ EB). The values of HC and HE in the FC loop 
determined using Eq. (4.1) are 2050 Oe and -500 Oe, respectively. The ZFC loop of 
the bilayer structure is symmetric around the zero field with HC=1650 Oe. Hence, 
both hysteresis loop shift HE and enhancement of HC, two major characteristics of EB, 







Within the theoretical model proposed by Meiklejohn and Bean [24], the 
interfacial exchange interaction parameter JINT can be estimated to be ~0.01 erg/cm2 
from HE using the Eq. (2.3) EFMFMINT HtMJ =  where MFM the saturation 
magnetization and FMt the thickness of the FM layer. Take into consideration that the 
value of JINT estimated using Eq. (2.3) is normally two orders of magnitude lower than 
the real one, the real exchange interaction parameter JINT is probably ~1 erg/cm2. With 
the AFM anisotropy constant 36 /102~ cmergK AFM × for ZB phase MnTe [21] and the 
AFM thickness ( AFMt ) of 40 nm from TEM image, one can obtain AFMAFM tK  = 8.8 
erg/cm2  > JEB, as required for the observation of EB.  























Figure 4.5 Angular dependence of HE (solid symbols) and HC (open symbols) of Sample C. 
 
The angular dependence of HE (bottom) and HC (top) of sample C is shown 
in Fig. 4.5. We only studied the anisotropic behaviors of EB in the film plane since the 
ZB-CrTe thin film has been demonstrated to show strong in-plane magnetic 
anisotropy [20] and the AFM spins of the epitaxial grown ZB-MnTe lie in the film 
plane [21]. The values of HE and HC were extracted from FC hysteresis loops 
measured along different angles γ at 5 K. The cooling filed HFC was applied along the 






hysteresis loop is shifted to the positive side (γ from -90° to 90°), the resulting HE is 
positive. It is noted that the positive value of HE here is not a result of positive EB, 
which means that the direction of shift of hysteresis loop is the same as that of HFC. 
The angular dependence curves display the basic symmetry properties of EB shared 
by both HE and HC: )()( θθπ EE HH −=+  and )()( θθπ CC HH =−  [25, 26]. The HE 
is unidirectional, whereas the HC is uniaxial. The largest shift (absolute value of HE) 
occurs at γ = 0° and 180°, whereas the smallest shift occurs at γ = 90° and 270°. 
However, large HC (~7500 Oe) is observed at γ = 90° and 270° where minimum 
values in HE occur. The huge enhancement of Hc is accompanied with the decline of 
HE. The following magnetization measurements are performed along γ = 0° since this 
direction gives the largest shift as demonstrated above. We note that the ZB 
CrTe/MnTe bilayer structure always shows negative EB and, for convenience, the 
values of HE  are presented as absolute value in the following section. 



























Figure 4.6 Mr-T of CrTe/MnTe bilayer and reference sample CrTe [20] and the arrows 
indicate the respective TC. 
 
Figure 4.6 shows the comparison of the temperature dependence of the 






bilayer (sample C).  A magnetic field of 2 T was applied during the cooling process. 
The deposition conditions for CrTe are the same for the single layer [20] and the 
bilayer structure (Sample C). It is observed that the magnetization has increased 
approximately by more than one order of magnitude. Strikingly, the TC is also 
enhanced from 100 K to 150 K and the Mr-T curve has changed from concave to 
convex shape. It is noted that the difference in lattice mismatch between bilayer 
CrTe/MnTe (2%) and reference sample CrTe/ZnTe (1.8%) is small indicating that the 
strain effect is unlikely to induce such a significant change in the magnetic properties 
of the CrTe layer. This strongly indicates that the FM state of the CrTe layer is 
strengthened by the AFM MnTe layer via exchange coupling [27, 28]. It has been 
reported that the TC of thin magnetic layer would be affected by the neighbor 
magnetic layer [27]. This effect is more prominent in exchange-biased nanoparticles 
and has been widely utilized to beat the superparamagnetic limit for nano-spintronics 
application [28].  
 
Figure 4.7   HE (absolute value) and HC as a function of temperature. The samples were first 
cooled down with HFC =1 T to 5 K and then heated up to measure temperature 






Figure 4.7 summarizes the temperature dependence of the values of HE and 
HC, which are obtained from FC hysteresis loops of sample C in the presence of HFC = 
1 T. Both HE and HC decrease as temperature with HE vanishes at blocking 
temperature TB ~65 K, which corresponds well to the TN (~67 K) of the reported ZB 
MnTe [21, 22]. This suggests that the EB effects observed in sample C stem from the 
AFM MnTe layer. At the meantime, the HC becomes zero around the TC ~150 K.  
























Figure 4.8 The cooling filed, HFC, dependence of HE (absolute value) and HC from the 
hysteresis loops measured at T = 5K. 
 
Figure 4.8 shows the dependence of HE and HC on the magnitude of the 
cooling field (HFC). The hysteresis loops were measured at 5 K after cooling down 
with HFC. Both the values of HE and HC increase with HFC and starts to saturate 
beyond 1 T. Even though the HFC increases up to 5 T, there is no trend of decrease in 
HE. This suggests the coupling type between the CrTe and MnTe moments at the 
interface is most likely to be FM coupling, as shown in Fig. 4.9. Otherwise, in the 






HFC as well as the adjacent FM moments and would be aligned along the direction of 
HFC when the HFC is large enough. Then during the reversal of applied field in 
hysteresis loop measurement, the AFM moments prefer to be reversed back to its 
original direction (opposite to the cooling field direction) by the applied field rather 
than maintain its direction along the direction of HFC. This would result in a decrease 
in the magnitude of HE or even a positive EB [29-31]. Hence, for an exchange-biased 
system of AFM interfacial coupling type, the HE would decline as HFC increases, go 
across zero and finally lead to positive EB. The result of FM interfacial coupling in 
CrTe/MnTe is in contrast to predication of the first principle calculations that AFM 
exchange coupling is energetically favorable at the interface of ZB phase CrTe/MnTe 
[16].  However, the energy difference between the FM coupling type (higher energy) 
and AFM coupling type (lower energy) is only 0.20 meV/a2. Furthermore, the lattice 
constant of ZB MnTe used in the calculation is 6.08 Å, which quite differs (4%) from 
the experimental value of 6.33 Å for ZB MnTe [21]. This could be contributed to the 
discrepancy between the theoretical and experimental results of interfacial coupling 
type in CrTe/MnTe. 
 
Figure 4.9   Schematic of ferromagnetic coupling type at the CrTe/MnTe interface. Only 






4.1.4  Summary 
In summary, exchange coupling at the ZB CrTe/MnTe interface is achieved. 
A maximum shift at a minimum HC is obtained along the [0-11] direction. The 
blocking temperature at 65 K indicates that the AFM order of MnTe is responsible for 
the presence of HE. An enhancement in both TC and magnetization is observed for the 
bilayer structure, indicating that the FM order in CrTe layer is strengthened via 
exchange coupling at the interface of MnTe and CrTe. The interfacial coupling type is 
determined as FM by the study of cooling field dependence. In the following sections, 
the interfacial coupling is further investigated in Sec. 4.2 and the role of AFM MnTe 
layer in Sec. 4.3. 
 
4.2  Tuning the interfacial coupling strength 
The interfacial exchange coupling in the ZB CrTe/ZnTe/MnTe structure is 
investigated with ZnTe acting as a spacer layer. The thickness of ZnTe spacer layer is 
varied to tune the interfacial coupling strength. The FC hysteresis loops show 
significant shifts in both horizontal and vertical directions. The horizontal shift is 
known as exchange bias field, HE, while the vertical shift, which has been reported in 
several EB systems, is regarded as magnetization shift, δMS. A non-monotonic 
variation of HE and HC with the spacer layer thickness is observed. The TC decreases 
as the spacer layer thickness increases. The maximum values of HE and HC occur at a 
spacer layer thickness of 12 monolayers (MLs). Strikingly, the exchange coupling 
remains noticeable even the thickness of spacer layer reaches 24 MLs. The exchange 







4.2.1  Introduction and motivation  
Exchange bias effect has been investigated for more than half of a century, 
which occurs when the ferromagnetic (FM) layer is in contact with antiferromagnet 
(AFM) layer. The nature of the interfacial exchange coupling is crucial to the physics 
of EB phenomenon. Most of the theoretical models for FM/AFM exchange coupling 
hitherto have assumed a nearest-neighbour FM/AFM coupling at the interface [3, 4, 
24, 32]. A significant amount of efforts have been devoted to the study of the coupling 
nature and controversial results were found. For example, the nearest-neighbour 
FM/AFM coupling was observed in Ir22Mn78/spacer/Fe84Co16 structure with the 
insertion of nonmagnetic spacer layer such as Al, Ag, Au, Si, Pd, Ru and Ti [33], 
while others have reported a long range coupling through a noble metal such as Cu, 
Au and Ag spacer layer in Ni81Fe19/CoO system [34]. The coupling strength was also 
found to decay exponentially as reported in many FM/metal/AFM structures, whereas 
a non-monotonic decay was observed in Co/CoO structure with an insulator spacer 
(AlOx) due to the discontinue interface [35]. Furthermore, spacer layer is needed in 
some EB systems to eliminate the elemental diffusion issue. We note that the 
maximum spacer layer thickness, where HE vanishes, ever reported is 65 Å in 
Ni81Fe19/Ag/CoO structure [34]. 
In our previous section, the EB effect in ZB CrTe/MnTe bilayer has been 
demonstrated [36]. In this section, a non-magnetic semiconductor ZnTe spacer layer 
of various thickness is inserted between the FM and AFM layers in order to tune the 
exchange coupling length and study the interfacial effect. It is found that both the HC 
and HE are enhanced with the insertion of a ZnTe spacer layer and the exchange 






4.2.2  Sample preparation  
 
Figure 4.10 RHEED patterns of sample with 6 monolayer ZnTe spacer layer captured along 
[0-11] and [011] directions with respect to GaAs substrate at the end of growth 
of each layer. 
 
The CrTe/ZnTe/MnTe trilayer structure is grown by MBE on GaAs (100) 
substrates. A thick buffer layer of ZnTe was first deposited on GaAs at a substrate 
temperature TS ~250 °C, followed by an AFM layer of MnTe (40 nm) at TS ~200 °C 
and then a spacer layer of ZnTe (t MLs). Finally, a 5 nm thick of CrTe layer was 
grown on top of ZnTe at Ts ~150 °C. The nominal thickness of the ZnTe spacer layer 
is varied as 0, 6, 12 and 24 MLs. The growth conditions of each layer (ZnTe, MnTe, 
CrTe) are the same as that stated in Sec. 4.1.2. The thickness of ZnTe spacer layer is 
calculated according to the deposition rate (0.43 Å per second) which is determined 
from the TEM image of sample C in Fig. 4.3. The lattice constant of ZB ZnTe is 
~6.10 Å and therefore the distance between each layer (Zn layer or Te layer) along the 
[100] direction is half of the lattice parameter (~3.05 Å). Thus the deposition time for 
0, 6, 12 and 24 MLs of ZnTe spacer layer is 0, 42, 84 and 168 seconds (s), 
respectively. The growth process and surface reconstruction were monitored by in-situ 






captured along [0-11] and [011] directions with respect to GaAs substrate at the end 
of growth of each layer are shown in Fig. 4.10. The RHEED patterns remain streaky 
during the whole growth progress, suggesting the deposited thin film of high 
crystalline quality.  
 
4.2.3  The interfacial exchange coupling in CrTe/ZnTe/MnTe trilayer 
 
Figure 4.11 The remanent magnetization (Mr) curves for various spacer layer thickness. The 
inset is the spacer layer thickness dependence of the Curie temperature (Tc).  
 
Magnetization measurements were performed using SQUID. It is found that 
the spacer layer significantly affects the FM ordering in CrTe/MnTe stucture. Figure 
4.11 shows the temperature dependence of the remanent magnetization curves (Mr-T) 
for different spacer layer thickness. All the Mr-T curves are measured along [0-11] 
direction under the cooling field of 2 T since the CrTe/MnTe bilayer structure (sample 
C) exhibits the largest HE along [0-11] direction. Every data point is an average of 
four times’ reading. A waiting time of 30 seconds is set before each reading and the 






increases, the shape of the Mr-T curves changes from convex to concave and the 
magnetization decline sharply. The inset of Fig. 4.11 shows the spacer layer thickness 
dependence of TC. It is found that the TC decreases as the spacer layer thickness 
(exchange coupling distance) increases. This demonstrates that the long range 
coupling in FM moments induced by exchange coupling with AFM MnTe layer 
declines as the exchange coupling distance increases. The TC of the sample with thick 
24 ML spacer layer (~105 K) is close to the ZB CrTe single layer (~100 K) reported 
in Ref. [20]. This further strongly supports that the enhancement in both TC and 
magnitude of magnetization in the bilayer CrTe/MnTe structure is a result of the 
interfacial EB coupling as discussed in the Sec. 4.1.3. The range of TC can serve as an 
experimental evidence that the deposited CrTe thin film is in ZB structure because the 
TC of other phases of CrTe is from 170 K- 360 K [20]. All these results suggest that 
the spacer layer thickness has a strong influence on the FM layer.  
 
Figure 4.12  The hysteresis loops of the structure with different spacer thickness measured at 






Figure 4.12 shows the hysteresis loops of all the samples measured at 5 K 
along [0-11] direction under a cooling field of 1 T. A clear negative loop shift can be 
observed in all samples. The largest HE obtained is ~1288 Oe when the spacer layer 
thickness is 12 MLs. The exchange coupling remains quite large with HE ~751 Oe 
even with a spacer layer thickness of 24 MLs. Besides the usual negative loop shift 
along horizontal axis (HE), a vertical magnetization shift (δMS) has been also observed. 
The δMS is defined as δMS −+ += SS MM  where 
+
SM  and 
−
SM  are the values of the 
saturated values of the saturated magnetization along positive and negative directions 
of the applied field, respectively. The vertical shift δMS has been observed in several 
EB systems [37, 38] and is attributed to the presence of pinned moment at the 
interface. Ohldag et al. [38] have observed the δMS in Co/NiO, Co/IrMn, 
PtMn/Co90Fe10 EB systems and verified the existence of pinned interfacial moments 
using X-ray magnetic circular dichroism (XMCD). The pinned uncompensated 
interfacial moments constitute only a fraction of a monolayer and do not rotate in an 
external magnetic field since they are tightly locked to the AFM lattice. Hence the 
pinned interfacial moments are responsible for the horizontal loop shift in the three 
different exchange-biased structures. However, this model can only be applied to EB 
system with uncompensated interface. 
The spacer layer thickness dependence of HE, HC and δMS is summarized in 
Fig. 4.13. The sample with 12 MLs spacer layer that exhibits the largest HC, HE and 
δMS represents the strongest exchange coupling for CrTe/ZnTe/MnTe trilayer 
structure. It is noted that the HE does not vanish even though the spacer layer 
thickness reaches 24 MLs (~ 7nm) indicating the existence of an extremely long range 






zero at a certain spacer layer thickness larger than 24 MLs due to the limited range of 
the FM-AFM proximity effect [39]. A similar enhancement of HE at a critical spacer 
layer thickness has been observed in (Pt/Co)/FeMn multilayers and HE reaches zero at 
approximately 2 nm [39]. They attributed it to the increase of the net perpendicular 
magnetic moment at the interface due to the reorientation of anisotropy direction. In 
the previous section, the nature of the interfacial exchange coupling in CrTe/MnTe 
structure has been demonstrated to be collinear and ferromagnetic. Therefore, the 
reorientation of anisotropy direction cannot account for the enhancement of HE. Paul 
et al. also reported an enhancement of HE in Co/CoO exchange-biased structure with 
an ultra-thin insulator spacer layer (~1 nm) [35], which was explained in terms of a 
discontinuous spacer layer. However, this also cannot explain the enhancement of HE 
in this studied system as the thickness of spacer layer in the CrTe/ZnTe/MnTe trilayer 
is much thicker. 
 
Figure 4.13  The spacer thickness dependence of HE, HC and δMS. These values are extracted 







In our EB system (CrTe/ZnTe/MnTe trilayer), the horizontal shift (HE) and 
the vertical shift δMS of the hysteresis loops can be ascribed to the pinned interfacial 
moments in both FM and AFM sides. It is noted that this is a modified model from 
that proposed by Ohldag et al. [38] where only the FM moments are pinned at the 
interface. In this modified model, there is no requirement of uncompensated AFM 
interface for the observation of EB because the AFM layer will be broken up into 
domains by the interfacial random field induced by the defects and roughness at the 
interface during magnetic field cooling [32]. According to the domain state model 
proposed by Nowak et. al. [40], AFM domains carrying net magnetization in AFM 
layer are developed due to defects (strain or roughness) during field cooling and 
become frozen at low temperature. On one hand, some of the AFM domains are 
irreversible during the field reversal and can be seen as pinned interfacial AFM 
moments. On the other hand, the FM moments coupled to these irreversible AFM 
domains are also irreversible during the field reversal. As a result, the pinned 
interfacial FM and AFM moments leads to the occurrence of the horizontal shift HE 
and the vertical shift δMS. The pinned interfacial moments exert a torque on the 
adjacent FM moments when the applied field is reversed. The torque is always in 
favour of aligning the FM moments along the direction of AFM (in the case of FM 
interfacial coupling type), which introduces a unidirectional anisotropy field to the 
FM layer, and thus a horizontal shift HE along the field axis is observed. The strength 
of HE depends strongly on interfacial pinned moment. Hence, the value of HE follows 
the trend of δMS., as shown in Fig. 4.13,  In addition, the enhancement of HC is due to 






results in an increase of uniaxial anisotropy in FM moment rather than a 
unidirectional anisotropy. 
There are two possible origins for the increase in HE with an insertion of 
spacer layer. One is that there might be Mn diffusion to the FM CrTe layer in the 
sample without spacer layer (sample C) and hence the value of HE is low. The other 
possible reason might be because of the increase of the interfacial random field. 
According to AFM measurement in Fig. 4.2, the surface roughness of MnTe (sample 
B) and ZnTe (sample A) are 0.57 nm and 1.47 nm, respectively. Since the growth 
conditions of MnTe and ZnTe layer are the same in all samples, one can expect the 
interface roughness of MnTe and ZnTe layer in exchange-biased structures is similar 
to that of sample B and sample A, respectively. Hence, the interface roughness as well 
as the interfacial random field increases with the insertion of the ZnTe space layer. 
The interfacial random field is associated to the formation of AFM domains. 
Normally, larger interfacial random field develops more irreversible AFM domains 
[32, 40]. This means that there are more pinned interfacial moments as the interfacial 
random field (roughness) increases with an insertion of ZnTe spacer layer.  
The trend of HC is slightly more complicated as shown in Fig. 4.13. 
Generally, since the FM ordering of CrTe layer decreases with an insertion of spacer 
layer (from Mr-T curves in Fig. 4.11), one might expect HC to decrease as well. 
However, the contrary result that HC increases while TC decreases is possible since the 
HC is determined by the anisotropy while the temperature stability (TC) of FM order is 
more dependent on the exchange parameter. The observed discrepancy in the trend of 
HC and TC in CrTe/ZnTe/MnTe exchange-biased structure suggests that the 






might be different. It is important to note that the mechanism contributed to the 
enhancement in HC and HE has been interpreted to be different [40-43]. In this study, 
an oscillating trend of HC was observed in Fig. 4.13. This is a result of two competing 
factors. Firstly, the exchange coupling strength between the FM moments and AFM 
domains decline as the distance (spacer layer thickness) increases. As a result, the 
additional uniaxial anisotropy induced via coupling to the reversible AFM domains 
decreases and thus HC is expected to decrease. Secondly, however, the insertion of 
spacer layer will increase the interface roughness and therefore the interfacial random 
field. This leads to the formation of more (reversible) AFM domains. Hence, the value 
of HC is expected to increase. Furthermore, we could not rule out the possibility that 
the low value of HC in the sample with only 6 ML ZnTe spacer layer may also be due 
to the poor structure quality of ZB-CrTe layer in this sample. The 6 ML ZnTe spacer 
layer, which is only 1.5 nm thick, may contain strain due to the lattice mismatch 
(~3.6 %) between the MnTe and ZnTe layer. Therefore, the structure quality of the 
ZB-CrTe grown on the strained ZnTe spacer layer may degrade since ZB-CrTe is of 
metastable structure. 
 
4.2.4  Summary 
In summary, the interfacial coupling effects in CrTe/ZnTe/MnTe trilayer 
structure were investigated by varying the thickness of ZnTe spacer layer. An 
extremely long exchange coupling distance (>7 nm) was found in this structure. The 
TC decreases from 150 K (direct contact, no spacer layer) to 105 K (24 MLs spacer 
layer) as the spacer layer thickness increases. A non-monotonic variation of HE and 






found to follow the trend of δMS and hence the pinned interfacial moments might be 
the origin of the EB effects in CrTe/MnTe system. A modified Ohldag’s model 
associated with the formation of AFM domains is proposed that both the FM moments 
and the AFM domains carrying net magnetization would be pinned at the interface. 
The insertion of ZnTe spacer layer between CrTe/MnTe will increase the interfacial 
roughness and, as a result, the interfacial random field as well as the pinned interfacial 
moments increases. The mechanism contributed to the occurrence of HE, increase in 
HC and enhancement of TC should be different. The appearance of HE is a result of the 
exchange coupling between the FM moments and the irreversible AFM domains 
while the expansion of hysteresis loop is due to the increase in uniaxial anisotropy of 
FM moments via the coupling to the reversible AFM domains. However, the 
underlying mechanism controlling the enhancement of TC in EB system is not very 
clear, but it is confirmed that the FM order of CrTe layer is influenced by the 
exchange coupling between the CrTe and MnTe layer as demonstrated by the spacer 
thickness dependence of Mr-T cruves. 
 
4.3  Investigation on the role of antiferromagnetic MnTe layer  
The influence of AFM MnTe layer on CrTe/ZnTe/MnTe exchange-biased 
structure was investigated by varying the thickness of MnTe layer in this section. The 
HC and HE show a non-monotonic dependence on the AFM thickness. Both HC and 
HE exhibit a maximum value at the AFM thickness of ~15 nm. With decreasing AFM 
thickness, it is found that the TB drops from 65 K to 22 K, while the TC is found to 






observed in the hysteresis loop which can be attributed to the presence of pinned 
interfacial moment. 
 
4.3.1  Introduction and Motivation  
It is well known that the AFM layer plays an important role in exchange-
biased systems. Several groups have studied the AFM thickness dependence in 
various EB systems [44-53]. The dependence of HE on the AFM thickness is quite 
complicated. The general trend is that for thick AFM layers, e.g. over 30 nm, HE is 
independent of the thickness of the AFM layer. As the AFM thickness is reduced, HE 
decreases abruptly and finally, for thin enough AFM layers (usually a few nm) HE 
becomes zero. There is a critical AFM thickness for the occurrence of EB, e.g. ~20 
nm of FeMn [51]. Additionally, a peak in HC can be observed around the onset of 
AFM thickness to observe HE, which is believed to be associated with the reversible 
AFM domains in the case of thin AFM thickness. Neutron diffraction studies on 
Fe3O4/NiO exchange biased superlattices [48] have shown that the EB is related to the 
formation of AFM domains. The use of nonmagnetic impurities in the AFM layer [40, 
50] to manipulate the AFM domains has also highlighted the domain structure in the 
AFM being the cause of EB, and the mechanism which seems to control it. It is 
generally agreed that AFM domains with net magnetization develop during the field 
cooling process. Some of the AFM domains (usually larger domain size of dozens of 
nm) with large anisotropy energy maintain their orientations (frozen) during the 
reversal of external field while some of them (usually small domain size of a few nm) 
rotate with the applied field. The EB effect is a result of the interfacial coupling 






AFM domains and the FM moments at the interface leads to the hysteresis loop shift 
while the coupling between the reversible AFM domains and the FM moments at the 
interface is responsible for the enhancement of HC. It is important to stress that even 
though EB is predominantly an interface effect, the bulk has been experimentally 
proven to play a significant role by means of influencing the AFM domain structure at 
the interface [40, 50, 52]. Hence, the role of AFM MnTe layer in CrTe/ZnTe/MnTe 
exchange-biased structure was investigated by varying the thickness of MnTe layer in 
this section. 
 
4.3.2  Sample preparation  
 
Figure 4.14  RHEED patterns of sample with 60 nm MnTe layer captured along [0-11] 
direction with respect to GaAs substrate at the end of growth of each layer. 
 
The CrTe(5 nm)/ZnTe(6 monolayers)/MnTe(t nm) structure is grown by 
MBE on GaAs (100) substrates. A thick buffer layer of ZnTe is first deposited on 
GaAs at substrate temperature TS ~250 °C, followed by a MnTe AFM layer with 






calculated according to the deposition rate (~0.28 nm per minute) which is determined 
from the TEM image of sample C in Fig. 4.3. Thus the deposition time for 10, 15, 20, 
40 and 60 nm of MnTe spacer layer is about 35, 54, 72, 144 and 214 minutes, 
respectively. A ZnTe spacer layer was inserted between the CrTe and MnTe layers to 
tune the exchanging coupling strength. A spacer layer thickness of 6 MLs is chosen 
because it gives rise to the highest ratio of HE/HC ~0.81, as demonstrated in Fig. 4.11. 
The in-situ RHEED was used to monitor the growth process and surface 
reconstruction. Figure 4.14 shows the RHEED patterns of sample with 60 nm MnTe 
layer captured along [0-11] direction with respect to GaAs substrate at the end of 
growth of each layer. The RHEED patterns are streaky for each layer, suggesting the 
deposited thin film of high crystalline quality. 
 
4.3.3  Antiferromagnetic thickness dependence  
Figure 4.15 (a) shows the Mr-T curves measured along [0-11] direction under 
2 T cooling field. The TC is obtained where the Mr goes to zero and summarized in 
Fig. 4.15(b) with respect to the AFM thickness. It is interesting that the TC varies with 
AFM thickness indicating that the FM order of CrTe layer is affected by the AFM 
MnTe layer. It has been presented in previous section that the TC of a bilayer 
CrTe/MnTe(40 nm) EB  structure increases to 150 K compared with the single CrTe 
layer (100 K) [20]. Although the TC of trilayer CrTe/ZnTe/MnTe (40 nm) drops from 
150 K (TC of bilayer CrTe/MnTe) to 130 K due to the weakening of exchange 
coupling strength, it increases greatly to 190 K when the AFM thickness decreases to 
10 nm. The phenomenon of TC enhancement is quite interesting. Since the AFM order 






should not affect the TC of FM layer (TC > TN). This might be due to that the exchange 
coupling between the FM spins and the (partially) disordered AFM spins (rather than 
the stable AFM domain) near the interface still exists at T > TN and the exchange 
interaction could help stabilize the FM order of CrTe. This could explain why the 
sample with 10 nm MnTe has the highest FM order (TC) but exhibits a small shift, 
which will be discussed later. 
 
Figure 4.15 The Mr-T curves under 2 T cooling field with various AFM thickness t = 10, 15, 








Figure 4.16  (a), (c), (d), (e) and (f) are the hysteresis loops of CrTe/ZnTe/MnTe trilayer 
with AFM MnTe thickness t = 10, 15, 20, 40 and 60 nm, respectively 
measured at 5 K under 1 T cooling field; (b) is the enlarged part of (a). The 
horizontal dashed lines are guides to the eyes indicating the vertical 
magnetization shift (δMS). 
 
Figure 4.16 shows the hysteresis loops measured at 5 K along [0-11] 
direction under 1 T cooling field. A negative shift along the field axis occurs in all 
samples. Although the value of HC is quite small for 10 nm thick AFM layer, it is still 






are greatly enhanced with the AFM thickness. Strikingly, the hysteresis loop of the 
sample with 15 nm thick AFM layer exhibits the largest HE with HE >HC. In addition, 
the vertical shift, δMS, is also observed in all the samples. As discussed in Sec. 4.2.3., 
the δMS has been reported in several exchange-biased systems and is attributed to the 
presence of pinned interfacial moments which are tightly locked to the AFM lattice. 
These pinned interfacial moments remain their orientations when the direction of 
external magnetic field is reversed, resulting in the observation of vertical shift of 
magnetization and horizontal shift of hysteresis loop. 
The trends of HC, HE and δMS are summarized in Fig. 4.17. Both HC and HE 
go through a maximum before levelling off to a constant value. The vertical shift, δMS, 
is found to follow the trends of HC and HE. All the three parameters increase sharply 
when the thickness increases from 10 nm to 15 nm and reaches a maximum value at 
around 20 nm and then it drops to a constant value for a larger thickness. 
 







The domain wall width of ZB phase MnTe is estimated to be about 6 nm 
using the equation 𝐿 = 𝜋�𝐴𝐴𝐹𝑀/𝐾𝐴𝐹𝑀  [32], where AAFM~7.8×10-8 erg/cm is the 
exchange stiffness coefficient and KAFM ~2×106 erg/cm3 the unidirectional anisotropy 
constant of bulk AFM ZB MnTe layer [21]. The exchange stiffness coefficient is 
calculated using AFMAFMAFM aSJ /
2 , where JAFM ~8 K [21] is the nearest-neighbor 
exchange integral of MnTe spins, aAFM is the lattice constant and SAFM the spin 
quantum number of Mn atom. Since we expect the value of KAFM of a thin film to be 
lower than that of the corresponding bulk value, the obtained value of the domain wall 
width is considered to be the lower bound where the formation of AFM domains 
initiates. Hence, concerning the sample with only 10 nm AFM MnTe layer, there 
might be quite few AFM domains formed in the MnTe layer of this sample. The short 
range coupled AFM spins can be regarded as partially disordered and therefore easily 
rotated by the external magnetic field.  
 







Furthermore, temperature dependence of HC and HE of sample with 10 nm 
AFM MnTe layer is shown in Fig. 4. 18. The value of HC and HE are obtained from 
the hysteresis loops measured at each measure temperature. The sample was first 
cooled down with magnetic field HFC = 1 T to 5K, then the magnetic field was turned 
off and the sample was heated up to the measure temperature. The blocking 
temperature, TB, is obtained where the HE vanishes. A value of TB of 25 K is obtained, 
which is much smaller than the TN ~ 67 K of the buck ZB MnTe. It is quite possible 
that the anisotropy of 10 nm AFM MnTe layer is much smaller than that of bulk ZB 
MnTe. It is noted that the TB is closely associated with the FM/AFM interlayer 
exchange coupling strength. The decrease in TB of the sample with only 10 nm thick 
AFM MnTe, compared with the TB ~65 K of sample C with 40 nm thick AFM MnTe, 
suggests the decline of interlayer exchange coupling and thus results in small shift HE. 
It is important to note that the TC of CrTe is highest in this sample with 10 nm MnTe. 
As it is discussed previously, the enhancement of TC might be due to the coupling 
between the FM moments and the disordered AFM spins. 
The sharp increase in HE and HC, when the AFM thickness increases to 15 
nm, suggests that AFM domains are formed. The interaction between the formed 
AFM domains and the FM moments gives rise to the EB effects. As discussed in 
previous section, the pinned interfacial moments fixed by the irreversible AFM 
domains result in the hysteresis loop shift while the enhancement of HC is due to the 
additional uniaxial anisotropy induced by coupling between the reversible AFM 
domains and FM moments. The irreversible pinned interfacial moments can be 
demonstrated by the appearance of δMS in the hysteresis loop. It is noteworthy that the 






thickness increases, the AFM domain size increases but the amount of the domains 
decreases. The interfacial exchange coupling energy EBσ  can be estimated using the 
equation AFMAFMEBEB DdJ /−=σ , where JEB is the exchange parameter, dAFM is the 
distance between AFM spins, DAFM is the AFM domain size [54]. It is found that the 
EBσ decreases as the AFM domain size. Hence it is reasonable to expect that both HC 
and HE decrease for thicker AFM layer. 
 
4.3.4  Summary 
In summary, the role of AFM MnTe in exchange-biased CrTe/ZnTe/MnTe 
structure was investigated. The TC is found to decrease with AFM thickness and the 
largest TC value of 190 K occurs in sample with 10 nm MnTe thickness. The values of 
both HC and HE increase for thicker AFM layer. The largest HE with HE > HC is 
observed at 15 nm thickness of MnTe. The irreversible pinned interfacial moments are 
responsible for the horizontal hysteresis loop shift, HE, and vertical magnetization 
shift, δMS. The enhancement of HC results from the additional uniaxial anisotropy 
induced by the reversible AFM domains. The enhancement of TC is believed to be 
associated with the coupling between the FM moments and the (disordered) AFM 
spins. The observed results suggest that the mechanism controlling the HE, 
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INVESTIGATION ON MBE-GROWN ROCK-SALT 









In previous chapter, a candidate of half-metallic exchange-biased structure 
zinc-blende (ZB) CrTe/MnTe was systematically investigated [1-3]. From the view 
point of practical application, the Curie temperature (TC) of ZB CrTe is relatively low 
[4, 5]. Recent theoretical studies [6-8] predicted that the chalcogenide CrTe in rock-
salt (RS) structure is a half metallic ferromagnet with stronger ferromagnetic order 
than the ZB CrTe. Hence this chapter presents the growth of the new RS phase of 
CrTe by MBE.  
 
5.1   CrTe grown on MgO substrate 
5.1.1   Sample preparation 
The CrTe films were directly deposited on RS phase MgO (111) substrate by 
MBE. The elemental Cr was evaporated using conventional effusion source while an 
applied epivalved-cracker effusion cell was used for Te. The MgO substrate was first 
degassed at 250 ˚C for 30 minutes in the preparation chamber prior to being 
transferred into the growth chamber. The MgO substrate was then heated at 600 °C in 
the growth chamber for 30 minutes for oxide desorption. The temperature was then 
lowered down to different substrate temperature (TS) for the deposition of CrTe thin 
film. Three different TS (Sample 5A at 150 °C, Sample 5B at 200 °C and Sample 5C 
at 250 °C) were examined. The flux ratio of Te/Cr was kept at about 2 in the Te rich 
condition and the beam equivalent pressure (BEP) of the Cr element remained at 
8108.1 −×  Torr. The deposition time was 60 minutes. The growth process and surface 








Figure 5.1  RHEED patterns of (a) Sample5A, (b) Sample 5B and (c) Sample 5C captured 
along in the film plane direction D1 and D2 during the growth. 
 
The RHEED patterns were captured along two different directions in the film 
plane. The RHEED patterns of CrTe films were obtained in the initial and at the end 
of the growth, respectively. After oxide desorption process, RHEED patterns of broad 
diffused streaks can be observed on MgO. As shown in Fig. 5.1(a), Sample 5A grown 







As the TS increases, the RHEED patterns are greatly improved and become streaky for 
Sample 5B and 5C. However, there are still some rings patterns observed at the 
beginning of the growth of sample 5B, as shown in Fig. 5.1(b). It indicates that there 
exists some polycrystalline CrTe at this stage in Sample 5B. The RHEED patterns 
remain streaky for the whole growth progress of sample 5C, suggesting a layer-by 
layer (2D) growth mode and the deposited CrTe thin film should be single crystalline. 
According to the 21×  characteristic of the RHEED patterns, the D1 should be the [1-
10] direction while the D2 should be [11-2] direction. It can be concluded that a better 
crystalline CrTe film is achieved at TS =250 °C. 
 
5.1.2   Structural characterization of CrTe grown on MgO substrate 
The structural property of Sample 5C was characterized by TEM equipped 
with EDS. The cross-sectional TEM image is shown in Fig. 5.2. The thickness of the 
deposited CrTe is about 50 nm, which is much larger than ZB CrTe. The high 
resolution TEM image in Fig. 5.2(b) shows that the deposited CrTe is single 
crystalline and its crystal structure follows the RS MgO substrate, suggesting that the 
deposited CrTe thin film is in RS phase. As can be seen from Fig. 5.2(b), the lattice 
constant of CrTe is larger than that of MgO substrate (4.212 Å). Furthermore, the 
interface is not very sharp and there exists a transition zone at the interface. We 
estimated from the HRTEM image that the thickness of the transition zone is about 
1.5 nm. The formation of transition zone is probably due to the compressive strain, 
which is a result of the lattice mismatch between MgO and CrTe. Furthermore, the 
CrTe layer at the interface might be oxidized by the MgO substrate, resulting in a 








Figure 5.2 Cross-sectional TEM image with magnification of × 50 K (a) and × 500 K (b); 
SAED near the interface of MgO and CrTe layers (c). The bright dots are from 
MgO substrate and the weak dots (in yellow circles) are from CrTe layer. The 
dot in dashed yellow circle is shared by the MgO and CrTe layer. 
 
Figure 5.2(c) shows the selected-area electron diffraction (SAED) patterns at 
the interface of MgO and CrTe. The SAED is very useful in demonstrating the 
relationship of crystal structure of adjacent layers. The bright dots are from the MgO 
substrate, while the weak dots, in yellow circles, are from CrTe thin film. The 
diffraction patterns are very similar except that there is an angular difference of about 
9º between the orientations of a1 (MgO) and a2 (CrTe). Hence, the deposited CrTe 







Fig. 5.2(c), the out-of-plane direction of the CrTe thin film is the same as that of the 
MgO substrate, which is [111] direction. Furthermore, the EDS spot analysis of the 
CrTe film area indicates that the atomic percentage ratio of Cr to Te is close to 1:1. 
 
Figure 5.3 XRD results of Sample 5A, Sample 5B and Sample 5C. 
 
X-ray diffraction (XRD) was employed to investigate the crystal structure of 
the three samples, as shown in Fig 5.3. Only two major peaks from the MgO substrate 
(111) and (222) are observed in sample A. The sample 5C shows two additional peaks 
located at 29.2° and 60.6°, which are from the deposited CrTe thin film. The XRD 
results are consistent with the RHEED observation that sample 5C has the best 
crystalline quality. Assuming that the deposited CrTe thin film is RS structure, the 
lattice constant calculated from XRD analysis is 5.34 Å. We note that the theoretically 
predicted equilibrium lattice constant of RS CrTe is about 5.7 Å [6, 8]. Hence, the 
experimental value of lattice constant of our deposited RS CrTe thin film is slightly 








5.1.3     Magnetic property of CrTe on MgO substrate 
 
Figure 5.4  Mr-T curves measured along the out-of-plane and in-plane [1-10] direction. The 
inset of (a) is the enlarged Mr-T curves at high temperature.  
 
The magnetic property of Sample 5C was investigated by commercial 
SQUID. The temperature dependence of remanent magnetization curves (Mr-T) were 
measured from 5 K to 400 K along the out-of-plane and in-plane [1-10] direction, as 
shown in Fig. 5.4. The sample was cooled down to 5 K under a magnetic field of 2 T 
applied along the measure direction. The inset of Fig. 5.4 shows the enlarged view of 
the Mr-T curves at high temperature. A ferromagnetic transition temperature around 
200 K is observed. However, the magnetization does not go to zero beyond 200 K and 
a second ferromagnetic transition temperature higher than 400 K is obtained. So far 
the TC of all the reported CrTe compounds is in the range of 100K-360K [5]. The 
lowest TC is the ZB CrTe (100 K) and the highest one is the hexagonal CrTe (360 K). 
Hence a new magnetic phase with TC larger than 400 K is achieved in the sample. The 







magnetometer. The ferromagnetism was further confirmed by measuring the 
hysteresis loop at 300 K. As shown in Fig. 5.5, hysteresis loops were measured along 
the out-of-plane and in-plane [1-10] directions, respectively. There is no obvious 
magnetic anisotropy. The coercivity (HC) is about 300 Oe and the saturation 
magnetization is quite low (~12 emu/cc) at 300 K. 
 
Figure 5.5  Hysteresis loops measured along out-of-plane and in-plane [1-10] directions at 
300 K. 
 
The Mr-T curves in Fig. 5.4 seem to imply there are multiple magnetic phases, 
i.e. multiple structural phases in the sample. However, the results of structural 
characterizations (RHEED patterns, XRD peaks, HRTEM image and SAED patterns), 
suggest that the deposited film is monocrystalline and in RS structure. Hence the 
possibility of existence of multiple structural phases in CrTe thin film is excluded. 
Similar Mr-T curves have been observed in GaMnAs in [9]. The authors attributed it 
to the spin reorientation transition. For ferromagnetic material with multi-axial 
anisotropy, the spin would re-orientate from one anisotropic axis to another one with 
lower energy as the temperature increase and it would result in a sudden drop of 







two different directions. However, unlike the case of GaMnAs, the magnetizations of 
our sample measured along the two different directions are both very low above the 
transition temperature of 200 K, as shown in Fig. 5.4. There is no increase in 
magnetization along either of the two directions, suggesting no spin reorientation in 
our sample. Hence, spin reorientation transition cannot account for the appearance of 
two ferromagnetic transition temperatures in our sample. It is important to note that 
the remanent magnetization above 200 K is quite low. Hence, it is suspected that the 
minor magnetic phase with TC > 400 K might stem from the interface rather than the 
CrTe thin film. 
 
Figure 5.6  Hysteresis loops measured along out-of-plane and in-plane [1-10] directions at 5 
K. Inset is the enlarged part near the origin. 
 
Hysteresis loops were also measured at 5 K along the out-of-plane and in-
plane [1-10] directions, as shown in Fig. 5.6. The inset is the enlarged part of 
hysteresis loop near the origin. The applied magnetic field is as high as 6.5 T. A small 







in the sample. The small hysteresis loop (Phase I) has obvious magnetic easy axis 
along out-of-plane direction and can be saturated under about 1 T magnetic field. The 
large hysteresis loop (Phase II) has no magnetic anisotropy along the two measure 
directions and requires very large magnetic field (~5 T) to saturate the magnetic 
moments. Furthermore, the phase II seems to have quite small coercivity and very 
poor squareness at 5 K. Hence, the phase II behaves like spin glass. Since there is a 
transition zone at the interface of MgO and CrTe (see Fig. 5.2(b)), where the 
disordered defects would occur, the spin-glass-like phase II should come from the 
disordered interface rather than the thin film. 
 
Figure 5.7  The XAS measurement of Cr 2p electrons with resolution (E/∆E~1000) at 300 K 
with field 1T and the XMCD result (green curve).  
 
In order to identify the origin of ferromagnetism in the Sample, an X-ray 
magnetic circular dichroism (XMCD) measurement was performed. The XMCD 
spectrum is a difference spectrum of two x-ray absorption spectra (XAS) taken in a 







polarized light. Since the XMCD is a surface sensitive technique, the topmost 10 nm 
CrTe was removed by in-situ sputtering (remaining 40 nm CrTe). Because the 
magnetic moments are mainly contributed by the Cr 3d electrons, the L-edge XAS of 
Cr 2p electron is measured at 300 K. As is shown in Fig. 5.7, the two XAS curves are 
the same and no XMCD signal is detected. Since the probing depth of XMCD is about 
2-3 nm, it can be concluded that the Cr atoms in the CrTe layer contribute no 
magnetic moment at 300 K. Hence, it is highly likely that the magnetic phase II with 
TC larger than 400 K actually originates from the transition zone at the interface. The 
CrTe layer in the transition zone might be partially oxidized into CrO2 by the MgO 
substrate. The CrO2 is a well-known FM with TC ~400 K [10-13] and the value of MS 
of single crystal CrO2 is ~500 emu/cc at 300 K [14]. If the magnetic phase II 
originates from the 1.5 nm CrO2 layer, the corresponding magnetization of CrO2 at 
300 K should be 400 emu/cc (converted from 12 emu/cc in Fig. 5.5). Due to the 
disordered defects (e.g. strain and roughness) in the transition zone, the CrO2 exhibits 
spin-glass-like behavior.  
 
5.2  CrTe grown on BaF2 substrate 
In order to achieve single magnetic phase in the RS CrTe sample, a non-
oxide substrate is supposed to be attempted. Hence this section presents the growth of 
RS CrTe thin film on BaF2 (111) substrate by MBE. BaF2 is a RS structure with lattice 
constant of 6.196 Å. Single crystalline RS CrTe thin film is achieved on BaF2 
substrate. The structural and magnetic properties were investigated. The result of pure 
magnetic phase in RS-CrTe/BaF2 sample substantiates the previous proposal that the 







5.2.1    Sample preparation 
 
Figure 5.8 RHEED patterns of Sample 5D captured along in-plane [1-10] during the growth. 
 
The BaF2 substrate was first degassed at 250 ˚C for 30 minutes in preparation 
chamber prior to being transferred into the growth chamber. The substrate was then 
heated at 380 °C for about 10 minutes in the growth chamber for oxide desorption 
until streaky RHEED patterns occur. The growth conditions of CrTe layer are the 
same as that of sample 5C. The deposition time was 30 minutes.  
The growth progress was monitored by the in-situ RHEED. As shown in Fig. 
5.8, the RHEED pattern of BaF2 substrate after oxidation desorption is streaky. The 
RHEED patterns of CrTe layer, captured along [1-10] direction at 10 minutes, 20 
minutes and 30 minutes (at the end) of the growth, respectively, are all streaky. The 
streaky RHEED results suggest the growth mode of CrTe (Sample 5D) on BaF2 








5.2.2   Structural characterization of CrTe grown on BaF2 substrate 
 
Figure 5.9 XRD result of Sample 5D. The BaF2 substrate peaks are labeled. 
 
The XRD result of sample 5D is shown in Fig. 5.9. Two main peaks of BaF2 
substrate are observed. The other two peaks located at 29.1° and 60.4° are from the 
CrTe thin film. The positions of peaks of CrTe in Sample 5D is almost the same as 
that of Sample 5C grown on MgO (111) substrate. Hence the achieved CrTe thin film 
on BaF2 should be also in RS structure. The lattice constant of CrTe in Sample 5D 
calculated from XRD result is ~5.35 Å. Although BaF2 with large lattice constant 
(~6.196 Å) has been selected as substrate, the lattice constant of the deposited CrTe 
thin film is only 5.35 Å. We note that the lattice constant of CrTe thin film deposited 
on MgO substrate (~4.21 Å) is 5.34 Å. This suggests that the RS CrTe is easily 
stabilized at the lattice constant of 5.35 (5.34) Å. For instance, a small change of the 
lattice constant might result in a large metastable energy. It seems to be very difficult 








Figure 5.10  Cross-sectional TEM image of sample 5D (a) and high resolution TEM image 
of CrTe layer with  magnification of × 600 K (b); FFT pattern of BaF2 (c) and 
CrTe layer (d). The weak dots from CrTe layer in (d) are marked in circles. 
 
The structural property of Sample 5D was further characterized by TEM. The 
cross-sectional TEM image is shown in Fig. 5.10(a). The thickness of the deposited 
CrTe layer is about 20 nm. The high resolution TEM image of the CrTe layer in Fig. 
5.10(b) indicates that the deposited CrTe is single crystalline. The lattice of CrTe 
layer grown on BaF2 is similar to that of CrTe on MgO substrate which is shown in 
Fig. 5.2(b). Since the thickness of CrTe is too thin, we cannot identify the electron 







(FFT) analysis of the BaF2 substrate and CrTe layer is shown in Fig. 5.10(c) and (d), 
respectively. The FFT gives a simulated electron diffraction pattern of the lattice in 
TEM image. As shown in Fig. 5.10(c), the FFT pattern of BaF2 is analogous to the 
electron diffraction pattern of MgO in Fig. 5.2(c). This is expected since both the 
BaF2 and MgO are in RS structure. The weak FFT pattern of the CrTe layer is marked 
in solid circles. The FFT patterns of the BaF2 substrate and the CrTe layer look 
similar, suggesting the deposited CrTe layer is in the RS structure.  
 
5.2.2   Magnetic property of CrTe on BaF2 Substrate 
 
Figure 5.11  (a) is the temperature dependence of remnant magnetization (Mr-T) along out-








The magnetic properties were investigated by SQUID. The temperature 
dependence of remanent magnetization curves (Mr-T) were characterized along the 
out-of-plane and in-plane direction in Fig. 5.11. The sample was cooled down from 
room temperature to 5 K with a magnetic field of 2 T applied along the measure 
direction. Then the magnetic field was turned off and the sample was warmed up 
slowly. During the warming-up, the remanent magnetic moments were recorded. Fig. 
5.11(b) is the expanded view of the Mr-T curves around the transition temperature. It 
is clearly seen that the magnetization goes to zero above the transition temperature. 
From the Mr-T curves, only one magnetic phase (only one transition temperature) is 
observed and the TC, where the remanent magnetization goes to zero, is determined to 
be ~245 K. Contrary to the theoretical calculation, the TC of the deposited RS CrTe 
thin film is still lower than the predicted value (>600 K). The crystal quality will not 
result in such a large difference in TC. The difference in the values of TC between the 
theoretical calculation and present experimental result is due to the small lattice 
constant ~5.35 Å of the deposited CrTe film. The same reason has also been given to 
explain the low value of TC in ZB CrTe [6]. There may exist antiferromagnetic Cr-Cr 
interactions at the nearest- or next-nearest-neighbor sites, which usually occur in CrTe 
chalcogenide compounds. A higher value of TC can be expected if the lattice constant 
increases. It seems that the RS CrTe is stable at lattice constant of 5.35 Å and the TC is 
lower than the predicted value of 600 K. One way to increase the lattice constant as 
well as to enhance the TC is via epitaxial growth on well-selected buffer layer, such as 
by depositing CrTe on GeTe buffer layer. The calculated equilibrium lattice constant 
for epitaxial grown CrTe layer is 5.75 Å and the lattice constant of GeTe is 6.01 Å. 








Figure 5.12 Hysteresis loops measured along out-of-plane direction at 5 K (a) and 300 K (b). 
 
The hysteresis loops were measured along the out-of-plane direction at 5 K 
and 300 K, respectively. No ferromagnetism is detected in the sample at 300 K (Fig. 
5.12(b)). A single hysteresis loop is observed at 5 K (Fig. 5.12(a)). Hence it is 
confirmed that the interface between CrTe and BaF2 does not lead to the formation of 
a second magnetic phase. The MS is about 320 emu/cc and HC is 3500 Oe at 5 K. 
According to the values of MS (320 emu/cc) and lattice constant (5.35 Å), the 
magnetic moment per Cr atom is calculated to be only 1.32 µB at 5 K, which is much 
smaller than the predicted 4 µB/f.u. Similar result of low MS has also been observed in 







antiferromagnetic coupling between Cr-Cr [6]. The low MS as well as the low TC in 
the obtained RS CrTe thin film is probably due to the same reason as that in ZB CrTe.  
 
5.3    Summary 
In summary, MBE growth of a novel RS CrTe thin film has been 
demonstrated. Two sets of experiments have been done, namely CrTe on MgO 
substrate and CrTe on BaF2 substrate. The CrTe thin film deposited on MgO (111) 
substrate exhibits two magnetic phases. One of them has a TC higher than 400 K. 
However, our studies reveal that this new high temperature magnetic phase probably 
comes from spin-glass-like CrO2 at the interface of MgO-CrTe. The other phase with 
TC ~ 200 K is believed to originate from the RS CrTe thin film. The structural 
characterizations demonstrate that single crystalline RS CrTe thin film has been 
achieved with thickness up to 50 nm. Its equilibrium lattice constant is ~5.34 (5.35) Å. 
The thickness is significantly higher than the critical thickness of 5-10 nm achieved in 
ZB CrTe. This is in agreement with the theoretical prediction that the lower 
metastable energy of RS CrTe compared to ZB-CrTe should allow the growth of 
thicker epitaxial layer. 
In order to avoid oxidation from the MgO substrate and achieve pure 
magnetic phase in the film, non-oxide BaF2 substrate was selected. The CrTe thin film 
deposited on BaF2 (111) substrate has only one magnetic phase with TC ~245 K. 
Although the TC is greatly enhanced compared with ZB CrTe thin film (~100 K), it is 
still lower than the temperature requirement for practical application (>400 K). The 
low TC is probably due to the small lattice constant of the deposited CrTe thin film 







value is smaller than the theoretically predicted integer moment of 4 µB per Cr atom 
for half-metallic RS CrTe. Although the structural characterizations show that the 
CrTe films have a RS structure, we do not have any direct evidence at this point to 
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INTRINSIC AND ANISOTROPIC EXCHANGE BIAS IN 









Single crystalline Cr2Te3 thin film was achieved by MBE. Although Cr2Te3 
has been studied for decades, its magnetic structure is still open for debate. Hence the 
structural and magnetic properties of single crystalline Cr2Te3 thin film were 
investigated in this chapter. Strikingly, a negative shift of hysteresis loop was 
observed in single layer Cr2Te3 after magnetic field cooling, which is the well-known 
intrinsic exchange bias. It is also found that the EB effect in Cr2Te3 exhibits 
anisotropic behavior. A possible magnetic structure of Cr2Te3 was proposed to explain 
the unusual magnetic properties and the observed EB. The results suggest that Cr 
spins in the vacancy layer are antiferromagnetically coupled in the ab-plane and the 
EB is induced by a single AFM layer.  
6.1   Introduction 
In recent years, exchange bias (EB) effects including hysteresis loop shift 
(HE) and enhancement of coercivity (HC), have been observed in pure materials, 
namely intrinsic EB [1-7]. Intrinsic EB can be produced in some materials with both 
the antiferromagnetic (AFM) and ferromagnetic (FM) component [8-13]. Several 
studies have suggested the coexistence of AFM and FM component in Cr2Te3 [15-19]. 
However, neutron diffraction measurement cannot find the corresponding AFM peak. 
It is noteworthy that the neutron diffraction measurement only examined the AFM 
component along the c-axis of Cr2Te3. Nevertheless, the existence of the AFM 
component has not yet been approved experimentally. Therefore, it would be an 
alternative way to examine the AFM component and probe the magnetic structure in 








Figure 6.1 Schematic of unit cell of Cr2Te3. The Te atoms are omitted. 
 
The crystal structure of Cr2Te3 was first determined by Chevreton in 1963 
[14]. The unit cell can be described based on a stack of two hexagonal CrTe structures 
as shown in Fig. 6.1. The lattice constant of hexagonal CrTe are denoted as oa  and oc , 
and those of Cr2Te3 can be calculated to be oaa 3=  and occ 2= . There are Cr 
vacancies in every second metal layer and in this vacancy layer, one third of the 
positions are occupied by CrI atoms. The fully occupied metal layer is completely 
filled with CrII and CrIII.  
In this chapter, an intrinsic EB effect in a structurally single phase Cr2Te3 
thin film was observed. We note that there are few studies of intrinsic EB in non-
oxide metallic materials and Cr2Te3 is non-oxide and the conductivity is metallic [16, 
20]. The hysteresis loop is shifted to the negative side along the magnetic field axis 
after applying a positive magnetic field cooling in the ab-plane. However, there is 
neither hysteresis loop shift nor enhancement of HC after magnetic field cooling when 







anisotropic behavior. Furthermore, the TC determined in the ab-plane is higher than 
that along the c-axis. It is believed that the enhancement of TC is related to the EB 
effect occurring in the ab-plane. Based on the experimental findings, a new magnetic 
structure of Cr2Te3 with a two-dimensional (2D) AFM domain model is proposed to 
explain the unusual magnetic properties and the anisotropic EB. Our results 
demonstrate that the CrI moments in the vacancy layer should be 
antiferromagnetically coupled in the ab-plane and a single AFM layer can induce EB, 
which is distinctly different from the traditional ferromagnet (FM)/AFM bilayer EB 
coupling. 
 
6.2    Sample preparation 
 
Figure 6.2 Streaky RHEED patterns of the ZnTe, MnTe and CrTe layer captured at the end of 
growth of each layer along [0-11] and [011] direction with respect to the GaAs 
substrate. 
 
The growth of samples was carried out on GaAs (100) substrates by MBE. 
The GaAs substrate was first degassed at 250 ˚C f or half an hour in the preparation 
chamber. The GaAs substrate was then transferred into the growth chamber and 







RHEED patterns were observed along the [0-11] direction of GaAs substrate (see Fig. 
6.2). Next, the TS is ramped down to low temperature for thin film deposition. A 160 
nm buffer layer of ZnTe was first deposited on GaAs (100) at substrate temperature TS 
= 250 °C. This was followed by a 200 nm buffer layer of CdTe at TS = 200 °C. The 
Cr2Te3 thin film was then deposited under the Te-rich condition at TS = 150 °C. The 
optimized growth conditions are presented in Table 6.1. The deposition time for ZnTe 
and CdTe layer was 60 minutes and 30 minutes for CrTe layer.  
 
Table 6.1 Optimized growth conditions (K-cell temperature of Zn, Cd and Cr, valve 




Figure 6.2 shows the in-situ RHEED patterns of the ZnTe, CdTe and Cr2Te3 
along the GaAs [0-11] and [011] directions. The RHEED patterns were captured at 
the end of growth of each layer. The RHEED patterns remain streaky for the growth 
of ZnTe and CdTe buffer layers. The initial coverage of Cr2Te3 shows weak streaks in 
a diffuse background. With increasing thickness, the RHEED patterns become more 
intense and better defined with broadening of the lattice rods and spacing indicating a 
change in crystal structure. The characteristic of streaky RHEED patterns suggests all 







6.3    Structural characterization  
 
Figure 6.3 Cross-sectional TEM micrographs with magnification of  × 50 K (a) and × 
500 K (b); SAED near the interface of Cr2Te3 and CdTe layers (c) and FFT 
images of CdTe buffer (d) and Cr2Te3 layers (e). The d-space distances are 
calculated (the unit is Å). 
 
High resolution transmission electron microscopy (HRTEM) equipped with 







properties of Cr2Te3. The HRTEM and EDS analyses show the deposited thin film is 
single phase Cr2Te3. Figure 6.3(a)-(b) show the cross sectional TEM images of the 
sample. The thickness for each layer is marked out. A well defined interface of Cr2Te3 
and CdTe is observed. The thickness of Cr2Te3 thin film is about 23 nm. The crystal 
structure of Cr2Te3 is totally different from the under-layer of ZB CdTe. Figure 6.3(c) 
displays the selected area electron diffraction (SAED) images of the sample. Both 
diffraction patterns (DP) of the Cr2Te3 thin film (weak spots) and the CdTe layer 
(bright spots) are observed which indicates that single crystalline quality is achieved. 
A Fast Fourier Transform (FFT) analysis of the CdTe buffer and Cr2Te3 layers is 
shown in Figure 6.3(d) and (e). The lattice constant of CdTe layer calculated from the 
FFT image is 6.39 Å. The lattice constants a and c of the Cr2Te3 layer calculated from 
the FFT are 6.66 Å and 12.08 Å, respectively, which are close to the corresponding 
bulk values of Cr2Te3 ( 81.6=a Å, 07.12=c  Å) [15].  It is suggested by the SEAD 
and FFT images that the out-of-plane direction is the c-axis of Cr2Te3. 
 
Figure 6.4 (a) indicates the EDS scan line and spot. (b) The EDS line scan at the interface of 








Figure 6.4 shows the EDS result of line scan and position of spot for 
composition analysis. A sharp interface of Cr2Te3 and CdTe is achieved and no inter-
diffusion of Cr and Cd is observed, which can rule out the formation of CdCrTe near 
the interface. The EDS spot analysis of the film area indicates that the atomic 
percentage ratio of Cr to Te is 39:61 which is close to 2:3. This confirms the 
deposited film is Cr2Te3. 
 
6.4    Magnetic property 
 
Figure 6.5 (a) ZFC and FC curves measured along the c-axis and along the ab-plane [0-11] 
direction (θ=0°). The inset of (a) is the enlarged M-T curve measured along the 
ab-plane. 
 
The magnetic properties of the sample were investigated by commercial 
SQUID. The diamagnetic signal of GaAs substrate has been subtracted in the analysis 
of the magnetic results. Figure 6.5(a) shows the temperature dependence of the field 
cooled (FC) and zero-field cooled (ZFC) magnetization curves (M-T) along the c-axis 
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with 100 Oe applied field. The TC determined from the M-T curve is 175 K which lies 
in the typical range of Cr2Te3 (170 to 180 K as determined from the M-T curve) [21]. 
The inset of Fig. 6.5 shows the expanded view of the M-T curves measured at an 
angle θ = 0o in the ab-plane of Cr2Te3 with TC obtained to be 210 K. The in-plane 
angle θ is defined with respect to the GaAs substrate [0-11] orientation, i.e. θ = 0o for 
[0-11]. We note that the FC magnetization value along the c-axis is one order of 
magnitude larger than that along the ab-plane. Noticeably, the TC obtained along the 
two orthogonal crystallographic orientations is different.  
 
Figure 6.6 (a) and (b) are the temperature dependence of inverse susceptibility measured 
along the ab-plane [0-11] direction (θ=0°) and c-axis, respectively. 
 
To further verify the different values of TC, temperature dependence of inverse 
susceptibility is shown in Fig. 6.6(a) and (b). Although the values of TC determined 
from these two methods (M-T curve and inverse susceptibility) are different, the 
distinction of TC along the c-axis and ab-plane direction is confirmed. The fact that 
the TC along the ab-plane is consistently higher than the c-axis suggests that the FM 
order along the ab-plane is stronger than that along the c-axis. Actually, this is due to 







leading to the enhancement of FM order (TC) via EB coupling is not very clear, but 
this effect has been experimentally confirmed in many exchange-biased system [22] 
and also observed in the ZB CrTe/MnTe exchange-biased structure presented in 
Chapter 4 of this dissertation.  
 
Figure 6.7  The hysteresis loops measured at 5 K along the ab-plane under HFC=1 T (FC) 
and HFC= 0 T (ZFC) at (a) θ = 0° and (b) 90°. 
 
The hysteresis loops in the ab-plane were measured with magnetic field (H) 
applied in the ab-plane along an angle θ = 0o or 90o. Figure 6.7(a) shows the FC (HFC 
= 1 T) and ZFC (HFC = 0 T) hysteresis loops measured at θ = 0o after cooling down 
the sample from 300 K to 5 K. The magnetization obtained from the ZFC M-H loop is 
~30 emu/cm3, which corresponds to 0.201 CrB /µ . The FC hysteresis loop exhibits a 
clear negative shift from the origin, which is the same as that observed in the 
conventional FM/AFM exchange-biased system. The obtained HE is as large as -1500 
Oe while the value of HC is ~ 2600 Oe. The ZFC hysteresis loop exhibits no shift from 
the origin and HC obtained is ~ 2600 Oe. There is no enhancement of HC for the FC 







contributed to the loop shift. Similar ZFC and FC hysteresis loop behaviors are 
observed along the θ = 90o (Fig. 6.7(b)). The values of HE as well as HC are nearly the 
same along these two perpendicular directions (θ = 0o and θ = 90o) in the ab-plane. It 
seems that there is no distinct magnetic anisotropic behavior in the ab-plane. Since the 
CdTe and ZnTe buffer layers make no contribution to the ferromagnetism and there is 
no Cr-Te phase that exhibits antiferromagnetism in the Cr-Te phase diagram [21, 23]. 
It is believed that the observed EB is intrinsic to the single phase Cr2Te3 thin film, 
which might be due to the coupling between the FM and AFM component in Cr2Te3. 
In other words, there indeed exists an AFM component in Cr2Te3. 
 
Figure 6.8  The hysteresis loops measured at 5 K along c-axis under HFC=1 T (FC) and HFC= 
0 T (ZFC). 
 
The FC hysteresis loop measured along the c-axis is shown in Fig. 6.8. The 
sample is cooled down from 300 K to 5 K with magnetic field HFC = 1 T applied 
along the c-axis. However, no hysteresis loop shift is observed along the c-axis. The 
enhancement of HC, which is another important characteristic of EB, was also 







hysteresis loops look similar as shown in Fig. 6.8. Thus, there is neither HE nor 
enhancement of HC along the c-axis. This indicates that the intrinsic EB in Cr2Te3 
shows anisotropic behavior. The disappearance of EB effects along the c-axis 
suggests that the AFM component in Cr2Te3 might lie in the ab-plane. The saturation 
magnetization (MS) is estimated to be 1.64 Bµ /Cr which is slightly lower than the 
reported value of ~ 1.92 CrB /µ  in the bulk Cr2Te3 [18]. The uniaxial anisotropy (Ku) 
along the c-axis is estimated to be 36 /10025.1 cmerg×  using the equation 
)/(2 SouCK MKHH µ==   with the obtained HC and MS values from the hysteresis 
loop in Fig. 6.8. Since the demagnetizing field is not included in the calculation, the 
actual value of Ku should be larger than 36 /10025.1 cmerg× . Hence the deposited 
Cr2Te3 thin film has a very strong out-of-plane anisotropy (perpendicular magnetic 
anisotropy).  
 
Figure 6.9 Cooling field dependence of HC and HE. The hysteresis loops are measured at 5 K 








Figure 6.9 shows the cooling field dependence of HC and HE. The values of 
HC and HE are extracted from the FC hysteresis loops measured at 5 K along ab-plane 
θ = 0° after cooling down with various HFC. All the values of HE are negative and 
remain constant for HFC > 5k Oe. The AFM-FM interfacial coupling type can be 
identified from the study of cooling field dependence. It has been demonstrated that 
for AFM interfacial coupling, there must be a transition from negative EB to positive 
EB as the cooling field increases [24]. In our study, the HFC has been increased up to 
5 T, but the values of HE remains constant. There is no such trend that the negative 
EB would approach to zero and become positive. Therefore, the AFM-FM interfacial 
coupling type is FM. The peak observed in the cooling field dependence of HC is 
typically found in exchange-biased system [25]. This can be ascribed to the 
reversibility of the nascent AFM domains formed as the HFC increases, which are 
small and easily rotated by external magnetic field. 
 
Figure 6.10 Temperature dependence of HC and HE. The hysteresis loops are measured under 








Figure 6.10 shows the temperature dependence of HE in which the TB is 
obtained when HE vanishes. The TB indicates the temperature where all the AFM 
domains lose the stability and become reversible. Each data point is extracted from 
the hysteresis loop measured along θ = 0° at the measure temperature after 1 T field 
cooling. The TB is found to be around 110 K. Hence, the Néel temperature (TN) of the 
AFM component in Cr2Te3 should be close to or higher than 110 K. The temperature 
dependence of HC is also shown and the HC vanishes around TC ~175 K. An 
enhancement of HC is observed as the sample is measured at a higher temperature, 
where some of the AFM domains start to lose the irreversibility.  
 
6.5    A newly proposed magnetic structure 
Before proposing a new spin structure of Cr2Te3 to explain the observed 
intrinsic and anisotropic EB, we first briefly describe the current picture of the spin 
structure of Cr2Te3. The spin structure of Cr2Te3 has puzzled researchers over half a 
century. According to the ionic model, each Cr3+ spin should possess 3 Bµ . This is 
consistent with the local spin-density approximation (LSDA) calculation [16]. 
However, neutron diffraction measurement reveals that the CrI spin in the vacancy 
layer contributes negligible moment [15, 18]. Hence, the average moment per Cr is 
~1.92 Bµ  in the magnetization measurement. Andresen suggested AFM coupled CrI 
spins in Cr2Te3 and attempted to examine the corresponding peaks in neutron 
diffraction measurement [15]. However, due to the limit of the profile refinement 
programme, the ab-plane components were not involved in the analysis and only the 
components along the c-axis was investigated. As a result, no corresponding peak of 







the possibility that CrI moments in the vacancy layer are AFM coupled along the ab-
plane.  
 
Figure 6.11 (a) A proposed magnetic structure of Cr2Te3. The Te atoms are omitted. (b) a 
schematic diagram of 2D AFM domain consisting of 33×  CrI spins with net 
magnetization in the vacancy layer. 
 
In this study, the shift of hysteresis loop is only observed in the ab-plane of 
Cr2Te3 and disappears along the c-aixs, suggesting that there is an AFM component in 
the ab-plane. Hence, based on our experimental results, we propose that the CrII and 
CrIII moments in the fully occupied layer are pointing along the c-axis while the CrI 
moments in the vacancy layer are antiferromagnetically coupled in the ab-plane as 
shown in Fig. 6.11(a). The spin configuration of Cr2Te3 would be a stack of alternate 
one FM layer (the fully occupied layer) with CrII and CrIII spins pointing along the c-
axis and one AFM layer (the vacancy layer) where the AFM-coupled CrI spins are in 
the ab-plane. The coexistence of FM and AFM components in different 
crystallographic orientations is possible and has been observed in other metal 
deficient Cr-Te compounds (Cr3Te4, Cr5Te6 and Cr5Te8), confirmed by neutron 
diffraction measurement [14, 15, 26]. However, no studies concerning EB effects 
have been conducted so far in these compounds. Because of the large anisotropy 







the ab-plane, the CrII and CrIII moments prefer to align along the c-axis and the 
magnetization measured in the ab-plane are actually the projection of the canting CrII 
and CrIII moments. We approximate 12% of the canting effect from the ratio of M 
along ab-plane and c-axis in the ZFC hysteresis loops in Fig. 6.7 and 6.8. This could 
explain why the magnetization measured along the ab-plane is rather low.  
In the light of the proposed magnetic structure of Cr2Te3, the observed 
anisotropic EB can be explained by a two dimensional (2D) ab-plane AFM domain 
model. In the AFM domain state model (three dimension) proposed by Nowak et. 
al.[27, 28], metastable AFM domains with net magnetization in AFM layer are 
developed due to defects or strain during field cooling and become frozen at low 
temperature and thus the irreversible part of AFM domains at the interface would lead 
to hysteresis loop shift. In Cr2Te3, a simple AFM coupling type in the vacancy layer is 
assumed that each CrI spin is antiparallel to its nearest CrI spins within the same ab-
plane. If 2D AFM domains are formed in the vacancy layer, those AFM domains 
comprised of odd number of spins will carry a net magnetization. An example of 2D 
AFM domains with 33×  CrI spins carrying one CrI moment is demonstrated in Fig. 
6.11(b).  
 
Figure 6.12  A schematic to illustrate the interaction between the AFM domains with net 







Without field cooling, a long range AFM ordering in the vacancy layer is 
established without net magnetization overall, since no AFM domain is formed and 
thus no hysteresis loop shift is expected. However, with magnetic field cooling in the 
ab-plane, the 2D AFM domains with net magnetization would develop to lower the 
energy of the system [14]. The direction of the magnetization of the AFM domain is 
aligned along the cooling field direction and some of them would remain its direction 
(irreversible) during the reversal of the applied field. The parallel exchange coupling 
(FM interfacial coupling type) between the irreversible CrI AFM domains and the 
canting CrII(CrIII) spins (12% of canting effect) would result in a negative hysteresis 
loop shift as illustrated in Fig. 6.12. In addition, no enhancement of HC at 5 K is 
observed after field cooling. This suggests that all of the AFM domains at 5 K are 
irreversible, since the enhancement of HC is normally attributed to the reversible AFM 
domains. The enhancement of HC can be observed when the sample is measured at a 
higher temperature where the AFM domains would lose the irreversibility. However 
no hysteresis loop shift is observed along the c-axis after field cooling (Fig. 6.8). This 
could be due to that the AFM-coupled CrI spins have much larger anisotropy energy 
compared with the FM-coupled CrII (CrIII) spins and therefore it would be very 
difficult to tilt the AFM components from ab-plane to c-axis. Even if the AFM 
components could be canted by the magnetic field, the canting angle of the AFM 
components would be very small. This is consistent with the results of neutron 
diffraction measurement by other research groups that no AFM peaks are observed 
along the c-axis [14, 15]. Moreover, the canted AFM components would not be stable 
due to the large AFM anisotropy in the ab-plane. Thus, the exchange coupling 







along the c-axis would be negligible, resulting in no EB effect. Additionally, the 
enhancement of TC measured in the ab-plane as compared to the c-axis could be 
attributed to the exchange coupling between the FM and AFM spins in the ab-plane. 
The thermal stability of the FM ordering can be increased via the EB coupling of the 
FM/AFM spins and therefore the TC is increased in the ab-plane. 
 
6.6    Summary 
In summary, intrinsic EB is observed in a structurally single phase Cr2Te3 
thin film and the EB only occurs in the ab-plane. The single crystalline Cr2Te3 thin 
film with strong perpendicular magnetic anisotropy is achieved by MBE on GaAs 
substrate. The negligible CrI moments in the vacancy layer are probably due to that 
the CrI spins are antiferromagnetically coupled in the ab-plane. Our results 
demonstrate that the intrinsic EB is induced by a single AFM layer, which can be 
understood using a 2D ab-plane AFM domain model. Furthermore, two different TC 
in a single crystal are obtained and it is believed to be related to the EB coupling. The 
experimental results demonstrate that there is indeed AFM component in Cr2Te3 and 
the AFM component origins from the vacancy layer. However, the AFM component 
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INTRINSIC AND ANISOTROPIC EXCHANGE BIAS 








In previous chapter, intrinsic and anisotropic exchange bias is observed in 
Cr2Te3 and an antiferromagnetic (AFM) component is proposed in the ab-plane. 
However, this AFM component has not yet been verified in neutron diffraction 
measurement. Nevertheless, the coexistence of ferromagnetic (FM) and AFM 
components has been confirmed in Cr3Te4 at low temperature. Hence, it is of interest 
to examine whether there is exchange bias (EB) coupling between these two 
components in Cr3Te4. Structurally single phase Cr3Te4 thin film has been directly 
deposited on GaAs substrate by MBE. An expansion and a shift of hysteresis loop are 
observed along the in-plane [0-11] direction of GaAs at 5 K after cooling with 2 T 
magnetic field. The occurrence of EB effects in Cr3Te4 demonstrates the possibility of 
interaction between the FM and AFM component in Cr-Te compound, which can also 
be expected to happen in Cr2Te3. Hence, the results in this chapter substantiate that 
the existence of AFM component in the ab-plane of Cr2Te3, as proposed in previous 
chapter, is highly likely. 
 
7.1  Introduction and motivation 
Monoclinic Cr3Te4 (m-Cr3Te4) is the stable phase of Cr-Te compound with 
Curie temperature (TC) in the range of 310 K-340 K [1]. The Cr3Te4 phase has a rather 
large existence range of Te from 53.5% to 59% and the specific TC is dependent on 
the composition [2]. There is an AFM order observed at low temperature in Cr3Te4 
with Néel temperature (TN) between 80 K-100 K [3, 4]. The specific value of TN also 








Figure 7.1 Schematic of Cr3Te4 unit cell. The Te atoms are omitted. 
 
The unit cell of m-Cr3Te4 is shown in Fig. 7.1 with a= 6.87 Å, b= 3.94 Å and 
c=12.32 Å. The a  and b

are orthogonal while the angle β between the ab-plane and 
the c-axis is 91.17°. There are ordered Cr vacancies in every second metal layer. The 
temperature dependence of magnetization (M-T) curve of Cr3Te4 shows a maximum 
at Tp (80 K-100 K) (see Fig. 2.4) [1]. Below Tp, the magnetization increases as 
temperature increases. It is well accepted that at Tp, there is a transition from a canted 
AFM structure to a collinear FM structure. Hence, the Tp is regarded as the TN of the 
AFM component in Cr3Te4. From high temperature paramagnetic susceptibility, the 
derived effective magnetization is about 4.3 µB per Cr [5], while the saturation 
magnetization (MS) at 4.2 K is only 2.35 µB per Cr [3]. The lower value of MS is 
believed to be associated to the occurrence of the AFM component. Neutron 
diffraction measurement reveals that the moment of CrII in the fully-occupied layer is 







the FM component is pointing along the a-axis whereas the AFM component lies in 
the bc-plane. The AFM order is contributed by both the CrI and CrII spins. However, 
another group (Yamaguchi et al.) reported a contrary result that the easy axis of the 
FM component is pointing along the c-axis and the AFM component occurs only in 
the ab-plane [6]. Although there are some arguments regarding the orientations of the 
FM and AFM component, the coexistence of FM and AFM component in Cr3Te4 at 
low temperature (< Tp K) is confirmed and the two components are pointing along 
orthogonal crystallographic directions. Hence, it is of interest to examine the EB 
effects in Cr3Te4 thin film and determine the configuration of FM and AFM 
component. In this chapter, the MBE growth of structurally single phase Cr3Te4 thin 
film on GaAs substrate is demonstrated. The magnetic properties, in particular the EB 
effects, are studied along three orthogonal directions. 
 
7.2  Sample preparation and structural characterization 
The CrTe film was directly deposited on GaAs (100) substrate by MBE. 
Elemental Cr was evaporated using conventional effusion source while an applied 
epivalved-cracker effusion cell was used for Te. The GaAs substrate was first 
degassed at 250 ˚ C for 30 minutes in preparation chamber prior to being transferred 
into the growth chamber. The oxide desorption of GaAs substrate, together with Te-
exchange, was conducted at substrate temperature (TS) 580 °C for about 10 minutes in 
the growth chamber until streaky RHEED patterns show up. The TS was then 
decreased to the deposition temperature. Five different deposition temperatures 
between 200 ºC and 400 ºC were tested. Furthermore, the beam equivalent pressure 







varies from 8102.2 −×  to 7103.6 −× Torr with fixed bulk temperature of 330 °C and 
cracker temperature of 650 °C.  
 
Figure 7.2 RHEED patterns captured for Sample 7A along [0-11] and [011] directions of 
GaAs. 
 
The RHEED patterns were captured along the [0-11] and [011] directions of 
GaAs. The deposition time was 30 minutes and its thickness is about 25 nm estimated 
from the growth rate. Streaky RHEED patterns were observed for Sample 7A, as 
shown in Fig. 7.2. Sample 7A was grown with BEP of ~ 7103.6 −× Torr for Te source 
and TS = 400 °C. The characteristic of streaky RHEED patterns suggest the deposited 
CrTe should be single crystalline. As shown in Fig. 7.2, the RHEED patterns change 
from 21× (on GaAs) to 12× (on CrTe), suggesting the crystal structure of the 








Figure 7.3 XRD result (a) and cross-sectional TEM image with magnification of × 600 K (b) 
of Sample 7A. The corresponding peaks are labeled and the thickness is marked 
out. 
 
The structural property of Sample 7A was characterized by XRD and TEM. 
As shown in Fig. 7.3(a), five peaks are observed at 28.96°, 31.60°, 42.80°, 59.09° and 
66.02°. The 31.60° and 66.02° peaks are from GaAs (100) substrate while the 
remaining 28.96°, 42.80°, 59.09° peaks are determined as Cr3Te4 (004), (006) and 
(008), respectively. Therefore, the deposited CrTe thin film of Sample 7A is 
confirmed in monoclinc structure and the out-of-plane direction is the c-axis of Cr3Te4. 
We note that since Cr3Te4 is in monoclinc structure, the peak positions of (400) and 







located at 53.557° while the (004) peak at 28.476°. Hence, we can conclude that the 
out-of-plane direction is the [001] direction of the thin film, which is the c-axis of 
Cr3Te4. The cross-sectional high resolution TEM image with magnitude of ×600 K is 
shown in Fig. 7.3(b). The achieved Cr3Te4 thin film is single crystalline and its 
thickness of Cr3Te4 is about 21 nm. 
 
7.3  Magnetic property 
 
Figure 7.4  Mr-T curves of Sample 7A under HFC=2 T along in plane (a) [011] and (b) [0-11] 
direction of GaAs and its negative derivative to show the TC and TP. A schematic 
configuration of AFM component at temperature lower and higher than TP is 
indicated by the black arrows, respectively. The length of arrow indicates the 








The magnetic property was characterized by SQUID. As shown in Fig. 7.4, 
the temperature dependence of remnant magnetization curves (Mr-T) was measured 
along the in-plane [011] and [0-11] direction with respect to GaAs substrate. A 
magnetic field of 2 T was applied when the sample was cooled down from 300 K to 5 
K. The magnetic field was turned off at 5 K and the sample was slowly warmed up at 
a rate of 5 K per minute. The remanent magnetization was then recorded. The typical 
peak of m-Cr3Te4 in the temperature dependence of magnetization is observed along 
[0-11] direction in Fig. 7.4(a). The derivative Mr-T curve was also shown to determine 
the TC and TP. The value of TC is given by the peak position of the negative derivative 
Mr-T curve while the TP is obtained where the derivative Mr-T curve crosses 
0)/( =− dTdM r . Hence, the TC is 310 K and the maximum magnetization (~320 
emu/cc) occurs at Tp ~84 K. There is no peak observed in the Mr-T curve measured 
along [011] direction, as shown in Fig. 7.4(b). However, as can been seen from its 
derivative curve, a clear transition point occurs around Tp, indicating an rapid drop of 
magnetization. The TC determined from the derivative Mr-T curve along [011] 
direction is 300 K, which is 10 K lower than that along [0-11] direction. The 
anisotropic behavior in TC is believed to be associated with the coupling between the 
FM and AFM spins, which has been demonstrated in the exchange-biased CrTe/MnTe 
structure (Chapter 4) and Cr2Te3 thin film showing intrinsic EB effect (Chapter 6). A 
schematic configuration of AFM component at temperature lower and higher than TP 
is also shown. The black solid arrows represent the AFM spins and the magnitude of 
AFM spin is indicated by the length. The blue dashed arrows indicate the cooling 
field direction. The result of study of the Mr-T curves suggests that the easy axis of 







measure direction is along [0-11], a spin flop or spin flip transition in AFM 
component happens as temperature increases, resulting in an abrupt increase in 
magnetization. However, when the measure direction is along [011] which is the hard 
axis of AFM component, the magnitude of AFM component gradually decreases as 
temperature increases. The rapid decrease in magnetization around 84 K suggests the 
loss of AFM order.  
 
Figure 7.5 Hysteresis loops measured along in-plane [0-11] (a) and [011] (b) directions at 
300 K. Insets are the enlarged part around the origin. 
 
Figure 7.5 shows the hysteresis loop measured at 300 K along the two 
perpendicular in-plane directions [0-11] and [011] with respect to GaAs. The 
saturation magnetization (MS) is ~150 emu/cc at 300 K. The coercivity (HC) is 110 Oe 
along [0-11] and 65 Oe along [011] direction, respectively. Thus, m-Cr3Te4 thin film 









Figure 7. 6  Field-cooled (HFC=2T) and zero-filed-cooled (ZFC) hysteresis loops 
measured along [0-11] (a), [011] (c) and [100] (e) directions at 5 K; (b), (d) 
and (f) are the enlarged parts around the origin of (a), (c) and (e), 
respectively. The value of HC is obtained from ZFC hysteresis loop. 
 
Since the TP (~84 K) is the temperature where the AFM order in Cr3Te4 
disappears [1], the EB effects were examined at 5 K by measuring field-cooled (FC) 
and zero field-cooled (ZFC) hysteresis loops along three orthogonal directions. A 
magnetic field of 2 T was applied from 300 K to 5 K during the cooling procedure for 







enlarged view around the origin of (a), (c) and (d) in the left column, respectively. 
The values of HC (ZFC hysteresis loops) are also indicated. As shown in Fig. 7.6(e), 
the c-axis of Cr3Te4 ([100] direction of GaAs) is obviously not the magnetic easy axis, 
contrary to the results reported by Yamaguchi et al. [6]. Therefore, the magnetic 
structure proposed by Andresen [4] is preferred that the FM component is pointing 
along the a-axis whereas the AFM component lies in the bc-plane.  
The MS at 5 K is about 350 emu/cc and the corresponding average magnetic 
moment (at 5 K) per Cr is ~2.1 µB, which is quite close to the reported 2.35-2.54 
µB/Cr (at 4.2 K) by other groups (calculated from neutron diffraction) [3, 4]. As 
shown in Fig. 7.6(d) and (f), there are neither hysteresis loop shift nor enhancement of 
HC in the FC hysteresis loops measured along [011] and [100] directions. However, 
compared with the ZFC hysteresis loop, clear expansion of hysteresis loop (δHC ~260 
Oe) is observed in the FC hysteresis loop measured along [0-11] direction (see Fig. 
7.6(b)).  A small value of exchange bias field (HE) about -100 Oe is also obtained. 
This indicates that EB coupling can be induced between the FM and AFM component 
in structurally single phase Cr3Te4 thin film after magnetic field cooling. Furthermore, 
the observed intrinsic EB exhibits anisotropic behavior that only the HC measured 
along [0-11] direction is enhanced and the hysteresis loop is shifted. This anisotropic 
behavior of EB is believed to be associated with the configuration of the FM and 
AFM component in Cr3Te4. This suggests that the AFM component of Cr3Te4 is 
pointing along the [0-11] direction of GaAs. It has been demonstrated by Andresen [4] 
that the AFM component is in the bc-plane of Cr3Te4, which is determined by neutron 
diffraction measurement. Hence, the measure direction [0-11], which is defined with 







Cr3Te4 while the measure direction [011] should be the a-axis of Cr3Te4. In addition, 
the out-of-plane direction of the thin film has been determined as the c-axis of Cr3Te4 
b y  a n a l yz i n g  t h e  X R D  r e s u l t ,  w h i c h  i s  t h e  m a g n e t i c  h a r d  a x i s . 
 
Figure 7.7 Temperature dependence of +CH , 
−
CH , HC (a) and HE (b). 
 
The temperature dependence of EB was investigated in order to understand 
the role of AFM component in Cr3Te4. The FC hysteresis loops were measured along 
[0-11] direction from 5 K to 100 K. The cooling process is described as follows. The 







magnetic field was turned off and then the sample was warmed up to a measure 
temperature, followed by a measurement of hysteresis loop. After one measurement, 
the sample was warmed up again to 300 K. The cooling process was then repeated for 
next measurement. The temperature dependence of +CH , 
−
CH , HC  and HE  is shown in 
Fig. 7.7. The values of +CH  and 
−
CH  are obtained where the loop intersects the 
positive and negative field axis. All the hysteresis loops are shown in Fig. 7.8, except 
of the one measured at 5 K which is already shown in Fig. 7.6(a). The HC and HE are 
defined as ( ) 2/−+ −= CCE HHH  and ( ) 2/−+ += CCE HHH . As shown in Fig. 7.7(b), the 
+
CH  and 
−
CH  curves do not overlap at low temperature, indicating a shift of hysteresis 
loop. The value of −CH  is larger than 
+
CH  and therefore the loop is shifted to the 
negative side along the field axis. The +CH  and 
−
CH  curves coincide around 50 K, 
where HE disappears. Figure 7.7(b) shows the plot of HE versus temperature. The 
absolute value of HE decreases as temperature increases and the blocking temperature 
(TB) is obtained around 50 K. As shown in Fig. 7.7(a), an increase in HC is observed 
when the temperature is higher than 30 K and a peak occurs around TB of 50 K. The 
enhancement of HC is a typical phenomenon in EB and can be attributed to the 
coupling between the FM component and the reversible AFM component [7-11]. A 
peak of HC would be observed around TB in the study of temperature dependence of 
HC in some EB systems, where the anisotropy energy of the AFM domain is relatively 
weak [12-13]. This can be attributed to the fact that the AFM component loses its 
irreversibility as the temperature increases and the coupling between reversible AFM 
component and FM spins would lead to the increase of uniaxial anisotropy of the FM 







increases from ~30 K, suggesting that most AFM components start to lose their 
irreversibility around 30 K. Hence, the anisotropy energy of AFM component in 
Cr3Te4 is quite weak, which is consistent with the neutron diffraction result reported 
in [3, 4]. 
 
Figure 7.8  FC hysteresis loops (HFC=2T) measured along [0-11] direction at different 
temperatures. 
 
Similar intrinsic and anisotropic EB effects are also observed in structurally 
single phase Cr2Te3 thin film [14] as discussed in Chapter 6. However, the EB effects 
are weak in Cr3Te4 while they are prominent in Cr2Te3. This can be understood as 
follows. Firstly, the AFM order is weak in Cr3Te4, since the TP, which could be 







is around 110 K (as shown in Chapter 6), which indicates the TN of the AFM 
component in Cr2Te3 is higher than 110 K. Hence the TN of AFM order is lower in 
Cr3Te4. Secondly, the AFM component of Cr3Te4 lies in the bc-plane and therefore 
the magnitude of EB coupling measured along the in-plane direction would be 
reduced by cosϕ, where ϕ is the angle between the applied magnetic field and the easy 
axis of the AFM component. Hence, the value of HE in Cr3Te4 is much lower than that 
in Cr2Te3. Thirdly, the high TC of Cr3Te4 also suggests the AFM interaction between 
the Cr-Cr spins is not very strong. Otherwise the value of TC should be low, which is 
in the case of Cr2Te3. In other words, the EB coupling strength in Cr3Te4 should be 
weaker than that in Cr2Te3 and the AFM component is not very stable. It is well 
known that exchange coupling between the FM moment and the unstable AFM 
component would result in the enhancement of HC rather than a shift of hysteresis 
loop [7-11]. This is because the unstable AFM component will be reversed by the 
adjacent FM moment and applied magnetic field. Therefore the value of HE (-100 Oe) 
is small while a relatively large enhancement of HC (~260 Oe) is observed in Cr3Te4. 
 
7.4  Summary 
Structurally single phase Cr3Te4 thin film has been successfully grown 
directly on GaAs (100) substrate by MBE. The structure of Cr3Te4 is determined by 
XRD result. The out-of-plane direction of the thin film is the c-axis of Cr3Te4. The a- 
and b- axis of the deposited Cr3Te4 thin film should be along the in-plane [011] and 
[0-11] direction of GaAs substrate, respectively.  Room temperature ferromagnetism 
is observed in Cr3Te4. After magnetic field cooling, the hysteresis loop measured 







field axis, which are the two major characteristics of EB effects. The intrinsic and 
anisotropic EB effects should originate from the coupling between the FM component 
and AFM component in Cr3Te4. Since the AFM component is weak, the prominent 
EB effect observed in Cr3Te4 is the enhancement of HC. Similar phenomenon has also 
been observed in Cr2Te3, as discussed in Chapter 6. The occurrence of intrinsic EB in 
Cr3Te4 would reinforce the possible existence of AFM component in Cr2Te3, which 
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This thesis provides a detailed study of exchange bias (EB) effects in several 
Cr-Te thin films grown by MBE. The key achievements of this work are as follows. 
• Conventional EB has been successfully induced in the promising half 
metallic exchange-biased structure ZB CrTe/MnTe. The angular 
dependence, interfacial effect and the role of AFM MnTe layer has been 
systematically investigated. A modified model has been proposed to 
explain the EB effect. 
• A single crystalline 50 nm rock-salt (RS) CrTe thin film, which is 
predicted to be a half metal, has been successfully obtained. 
• Single crystalline Cr2Te3 thin film with strong perpendicular magnetic 
anisotropy has been achieved on GaAs substrate. Both shift and expansion 
of hysteresis loop can be observed in the basal plane of the trigonal Cr2Te3 
thin film after magnetic field cooling. The observed intrinsic EB with 
anisotropic behavior suggests that there may exist an AFM component in 
the ab-plane and the AFM component should originate from the Cr spins 
in the vacancy layer.  
• Intrinsic EB effects have also been observed along the b-axis in 
structurally single phase Cr3Te4 thin film after magnetic field cooling. The 
prominent EB effect in Cr3Te4 is the expansion of hysteresis loop, 
indicating the anisotropy of AFM component is relatively weak. 
To achieve high quality Cr-Te thin film, MBE was utilized to grow the 







property was characterized by RHEED, HRTEM and XRD. The detailed results are 
summarized in the following section. 
 
8.2  Summary  
Chapter 4 presents the conventional EB in ZB CrTe/MnTe layered structure. A 
maximum negative hysteresis loop shift is obtained along the [0-11] direction with 
respect to GaAs substrate. The ZB MnTe is an AFM with Néel temperature (TN) of 67 
K. The blocking temperature (TB) is found to be 65 K, indicating that the AFM MnTe 
layer is responsible for the presence of HE. The interfacial coupling type is determined 
as FM by studying the cooling field dependence. A thin ZnTe layer with different 
thickness was inserted between the CrTe and MnTe layer as a spacer layer to tune the 
EB coupling strength. A non-monotonic variation of HE and HC with the spacer layer 
thickness is observed.  The highest ratio of HE/HC ~0.81 is achieved with a spacer 
layer thickness of about 2 nm. An extremely long exchange coupling distance (>7 nm) 
is found in this structure. Beside the horizontal hysteresis loop shift, HE, vertical 
magnetization shift δMS has also been observed. The spacer thickness dependence of 
HE is found to follow the trend of δMS. The role of AFM MnTe in exchange-biased 
CrTe/ZnTe/MnTe trilayer structure was also investigated. The thickness of ZnTe in 
the trilayer structure is ~2 nm. The critical AFM thickness for the occurrence of EB is 
~ 10 nm. The largest HE with HE > HC is observed at 15 nm thickness of MnTe. It is 
found that the HE also follows the trend of δMS, suggesting the close relationship 
between the HE and δMS. Hence, a combination of the “pinned interfacial moments” 
model [1] and the AFM domain state model [2] has been proposed to explain the 







carrying net magnetization will form in the AFM layer with magnetic field cooling 
and both the FM moments and the AFM domains would be pinned at the interface. 
The occurrence of HE is a result of the exchange coupling between the FM moments 
and irreversible AFM domains while the expansion of hysteresis loop is due to the 
increase in uniaxial anisotropy of the FM moments via coupling to the reversible 
AFM domains. Furthermore, the FM order (TC) of ZB CrTe layer is found to be 
influenced by the EB coupling. For example, the TC decreases from 150 K (direct 
contact, no spacer layer) to 105 K (24 MLs spacer layer) as the spacer layer thickness 
increases. The TC is also found to decrease with AFM thickness and the largest TC 
value of 190 K occurs in sample with 10 nm MnTe thickness. Since the ZB MnTe is 
supposed to lose its AFM order above TN of 67 K, the enhancement of TC is believed 
to be associated with the coupling between the FM moments and the disordered AFM 
spins. However, the underlying mechanism controlling the enhancement of TC in EB 
system is not yet very clear. The observed results suggest that the mechanism 
controlling the HE, enhancement of HC and enhancement of TC are different.  
Chapter 5 presents the MBE growth of a novel rock-salt (RS) CrTe thin film 
toward high TC HMF. Firstly, the CrTe thin film was deposited on MgO (111) 
substrate and two magnetic phases are observed with TC at 200 K and higher than 400 
K, respectively. The high temperature magnetic phase is found to stem from the spin-
glass-like CrO2 at the interface of CrTe and MgO. The formation of CrO2 is probably 
due to the oxidation from MgO substrate. On the other hand, the low temperature 
magnetic phase is from the RS CrTe thin film. Hence, in order to achieve pure 
magnetic phase in the film, non-oxide BaF2 (111) substrate was chosen. Only single 







CrTe thin film is demonstrated by HETEM (equipped with EDS) and XRD. The 
thickness of RS CrTe thin film is ~50 nm and its lattice constant is ~5.35 Å (the 
theoretically predicted value is ~5.7 Å). The thickness of RS CrTe is significantly 
higher than other ZB HMFs. This is in agreement with the theoretical calculation that 
the metastable energy of RS CrTe is as low as 0.03 eV/f.u. However, the TC of the 
achieved RS CrTe thin film is still lower than the temperature requirement for 
practical application (>400 K). The low TC is probably due to the small lattice 
constant of the deposited CrTe thin film (~5.35 Å). The magnetic moment is found to 
be only ~ 0.66 µB/f.u. at 5 K, which is smaller than the theoretically predicted integer 
moment of 4 µB/f.u. Although the structural characterizations show that the deposited 
CrTe thin film is in RS structure, we do not have any direct evidence at this point to 
confirm that the grown sample possesses half-metallic behavior. 
Chapter 6 presents the intrinsic EB effect in structurally single phase Cr2Te3 
thin film. The long time puzzle in Cr2Te3 might be understood. The observation of 
hysteresis loop shift suggests the existence of AFM component in Cr2Te3. However, 
shifted hysteresis loop only occurs in the ab-plane after magnetic field cooling, 
indicating the AFM component is in the ab-plane. This can explain why no AFM 
peak is observed in the neutron diffraction measurement conducted in Ref. [3] since 
they only investigated the AFM component along the c-axis. Furthermore, TC 
enhancement is also observed in the ab-plane, which is probably due to the EB 
coupling. Hence, we propose that the CrI spins in the vacancy layer are 
antiferromagnetically coupled in the ab-plane and therefore contribute negligible 
moment. Based on the proposed magnetic structure, the intrinsic EB effect can be 







AFM domains in the vacancy layer. A two-dimensional AFM domain model has also 
proposed to explain the formation of AFM domain with net magnetization in the ab-
plane. Our result suggests that a single AFM layer can also induce hysteresis loop 
shift, which differs from the conventional EB bilayer system that requires critical 
AFM thickness for the observation of hysteresis loop shift.  
Chapter 7 presents the intrinsic EB in structurally single phase Cr3Te4 thin 
film grown on GaAs by MBE. The deposited Cr3Te4 thin film has TC of 310 K and an 
AFM component with TN around 84 K. Its magnetic moment at 5 K is about 2.1 µB 
per Cr. After magnetic field cooling, the hysteresis loop measured along b-axis 
exhibits an expansion and shifts to the negative side along the field axis. The TB is 
determined to be ~ 50 K, suggesting the AFM component in Cr3Te4 is weak. Our 
results demonstrate the possibility of EB coupling between the FM and AFM 
component in the Cr-Te compound with multiple magnetic phases. The occurrence of 
intrinsic EB in Cr3Te4 would reinforce the possible existence of AFM component in 
Cr2Te3, which has not yet been directly proven by neutron diffraction measurement. 
Moreover, unlike the EB in the perovskite materials with inhomogeneous magnetic 
phases [4], the EB in Cr3Te4 as well as in Cr2Te3 shows clear anisotropic behavior. 
The anisotropic behavior of EB is determined by the magnetic structure of Cr3Te4 and 
Cr2Te3. Our results demonstrate a novel way to study the magnetic structure in 
material with multiple magnetic phases by studying the intrinsic EB effects. 
 
8.3  Recommendations for future work 
Although the ZB structure and RS structure of CrTe film have been proven by 







recommended to examine the spin polarization in the ZB-CrTe and RS-CrTe thin film, 
respectively. Furthermore, it is also very meaningful to measure the spin polarization 
by Andreev reflection in the ZB-CrTe/MnTe bilayered structure since it has been 
predicted to be a promising half-metallic exchange-biased structure. Another way to 
study the spin polarization of ZB-CrTe would be to fabricate a magnetic tunnel 
junction (MTJ) with a stacking structure of CrTe/MgO(barrier)/CrTe/MnTe/ 
ZnTe/GaAs(substrate) and then measure the tunnel magnetoresistance (TMR), since 
we have already achieved the pinned layer of ZB-CrTe/MnTe. In addition, to 
implement the ZB-CrTe and RS-CrTe for real application, the TC must be increased to 
higher temperature (>400 K). The low value of TC has been demonstrated to result 
from the small lattice constant due to the existence of Cr-Cr AFM coupling. Therefore, 
in order to increase the lattice constant for achieving higher TC as well as to guarantee 
the half metallicity in CrTe film, epitaxial growth on delicately selected buffer layer is 
recommended, such as by depositing RS-CrTe on GeTe buffer layer.  
The magnetic structure of Cr2Te3 has puzzled the researchers for decades. Our 
results of intrinsic and anisotropic EB in Cr2Te3 film strongly suggest that the CrI 
spins in the vacancy layer are antiferromagnetically coupled in the basal plane. 
Neutron diffraction measurement is recommended to verify our proposal and the 
magnetic structure of Cr2Te3 may be accordingly understood.  
The enhancement of TC in exchange-biased structure would be an interesting 
topic. For example, the TC of ZB-CrTe thin film is 100 K while the TN of ZB-MnTe is 
about 67 K. However, the TC is found to increase to 150 K in the ZB-CrTe/MnTe 
bilayered structure. As the coupling distance between the CrTe and MnTe layer is 







enhancement of TC is due to the EB coupling. Furthermore, the TC is found to increase 
as the thickness of MnTe layer decreases, which means the enhancement of TC results 
from the coupling between the FM spins and the disordered AFM spins. The 
mechanism leading to the enhancement of TC obviously differs from that contributed 
to hysteresis loop shift, which requires AFM ordering (TB < TN). Although we have 
demonstrated that the enhancement of TC is a result of EB coupling, the underlying 
physics is still not clear because the AFM component should already lose its magnetic 
ordering around TC in the ZB-CrTe/MnTe EB system. Similar phenomena have also 
been observed in Cr2Te3 and Cr3Te4 films that the TC is higher along the directions 
showing EB effects. Theoretical calculation is recommended to study the effect of 
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